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Metal  underlays  can  be  used  for  increasing  the  reliability  of  gold  thin  film 
metallizations.  These  metal  underlay.!  significantly  influence  the  stability  of  gold 
metallizatioos  to  microelectronic  circuits.  They  may  cause  failures  during 
fabrication  and  during  operation  of  a device.  The  effects  of  metal  underlays  on  the 
stability  of  gold  thin  films  during  isothermal  annealing  have  been  investigated. 

Cu*.  Sn*.  V..  and  Ti*  underlays  of  130  A thickness  were  sandwiched  between  quartz 
substrate  and  gold  films  of  750  A thickness  by  thermal  evaporation  in  a high 
vacuum.  Isothermal  annealing  was  carried  out  in  a tube  furnace  at  300  ^C.  400  hC, 
and  500  for  1 hour  in  air.  Following  heat  trealment,  Ihe  topography  of  the  film 
surface,  Ihe  inicntal  grain  structure.  Ihe  composition  profiles  throughout  the  film 
thickness.  Ihc  lateral  distribution  of  chemistry  across  the  film  surface.  Ihc  chemical 
reactions  during  annealing,  and  Ihc  film  texture  were  examined  using  scanning 


electron  microscopy  (SEM)  with  enpabililios  for  energy  dispersive  X-ray 
spectroscopy  (EDS)  and  backscatiercd  electron  CBE)  image,  transmission  electron 
microscopy  (TEM),  Auger  electron  spectroscopy  (AES),  scanning  Auger  mieroscopy 
(SAM).  X-ray  photoelectron  spectroscopy  (XPS).  selected  area  dirfraction  (SAD)  in 
TEM,  nod  a-ray  diffraction,  it  was  found  lhal  (1)  Cu-.  Sn-,  V-,  and  Ti-  uitderlays 
sandwiched  between  gold  itain  nims  and  substrate  form  osidea  (CuO,  S0O2.  VyOj  and 
TiOz,  respectively)  on  the  free  surface  of  gold  and  along  the  grain  boundaries  of  the 
gold  films  during  annealing  in  ain  (2)  Ti  underlays  which  have  a strong  tendency 


Towards  oaidation  prevent  grain  growth  of  gold  during  anncaiing  as  ststed  above, 
while  Cu  underlays  which  have  a small  Icndcncy  towards  oaidation  do  not  prevent 
grain  growth  of  gold  during  annealing:  (3)  Au/Sn  composite  films  show  a rough 

roughness  of  Ait/5n  composite  films  results  from  ihc  rough  surface  siniciure  of  the 
Sn  underlays.  Au/5n  composile  films  form  neither  hillocks  nor  holes  during 
annealing  in  air.  (4)  Lastly,  it  is  believed  lhal  Ihe  formation  of  holes  in  Au/Cu 
composite  films  and  the  formation  of  hillocks  in  Au/V  and  Au/Ti  composite  films 
are  caused  by  an  interplay  between  stress  relaaation,  capillarity  force,  and 
oxidatioD  behavior  of  Ihc  underlay  metals. 

Additionally,  the  critical  factors  of  metal  underlays  for  the  reliability  of  gold 
metailizoiions  have  been  found  10  be  as  follows:  (A)  Oxidation  lendcncy  of  mctol 


cocfTicients,  (C>  Volume  change  due  to  Ihe  formation  of  oxides  of  the  underlay 
metals,  and  (D)  Surface  energy. 


CHAPTER! 

DTTRODUCnON 

With  ibc  coiuiDuing  iiie  [eduction  and  complcaiiy  of  imegmed  circuits,  the 
subiliry  {reliabiliiy)  of  micToelcctronic  devices  is  becoming  more  imponant.  One  of 
the  problems  awaiting  soiulion  is  the  faiturcs  in  thin  film  metallizations. 
Mclatiization  is  the  metal  interconnections  between  individual  eiectronic 
components  such  as  transistors  in  a microcicctronic  chip.  The  stabiiity  of 
metallizations  wiil  become  increasingly  important  in  the  continuing  evolution  of  the 
market  to  very  large  scale  inlegralcd  <VLS1)  circuits  with  low  micrometer  to 
submicron  features  |1*12|. 

A variety  of  thin  film  melallizalions  are  currently  used  in  the  IC  industry. 
Metallizations  generally  require  a good  conductivity,  electromigmtioo  resistance, 
corrosion  resislance,  ndhcrence,  and  bondabilily.  etc.  [3,  U‘14],  Although  no  single 
metal  can  satisfy  ail  requirements  for  tC  technology,  aluminum  metallizations  have 
found  widespread  use  in  the  IC  industry  because  of  their  compatibility  and  cost 
effectiveness  [3,  lO'll),  As  the  line  width  approaches  to  n micron  or  less,  however, 
ihe  much  lower  cleclromigralion  (EM)  failure  rate  of  Ihe  gold  metallization  may 

The  "median-lime-to-failure"  (lso)<  h parameter  which  indicates  the  time  at 
capresaed  by  the  Black-equation  (IS!; 


150  = A j-"  exp(Q/kT) 


whcic  A is  a conslanl  which  conlains  slniciural  parameters  such  as  fiim  geometry 
and  microstruclure.  j is  the  current  density,  n is  a numerical  value  which  is  about 
1.5,  Q is  the  activation  energy,  k is  the  Boiizman  constant,  and  T is  the  lemperalurc. 
The  lifetime  of  a device  is  seen  to  increase  csponcniialiy  with  increasing  Q.  The 
activation  energy  in  gold  Alms  is  twice  as  large  as  that  in  aluminum  Alms  (Q  - 0.4 
eV  for  pure  A1.  0.98  cV  for  Au.  and  about  0.44-0.77  eV  for  A1  with  Cu  and  Si) 
[3.7,16).  Corrosion  resistance  in  severe  environments  is  on  additional  advantage  of 
a gold  meiallizaiiOD. 

In  gold  metalliaalions,  a metal  underlay  is  required  lo  provide  good  bonding 
to  the  substrate  because  gold  docs  not  readily  adhere  to  oxide  or  oxidized 
substrates  commonly  used  for  microeleclronic  circuits  and  lends  to  bail  up  during 
heat  treatment  even  below  the  melting  point  [11,I7'18).  These  metal  underlays, 
however,  signiAcantly  influence  the  stability  of  gold  Alms  during  fabrication  and 
during  operation  of  a device. 

The  present  annealing  study  of  thin  gold  Alms  provides  the  basis  for 
underslanding  the  chemical  reactions  which  may  occur  during  fabrication  and 
during  operation  of  a device.  An  annealing  study  simpliAcs  the  failure  mechanisms 
(i.e.,  thermally  activated  failures  which  can  occur  without  currents  passing  through 
the  device)  in  thin  Aim  meiaJlizailons.  In  the  last  several  years  it  has  become  quite 
apparent  that  the  thermally  activated  failures  can  be  critical  for  the  reliability  of 
microelectronic  circuits,  h was  noted  in  a recent  issue  of  "Science  News"  that  a 
thermally  activated  process  such  as  the  formation  of  holes  by  stress 


relief  will  be 


ooe  of  the  inajor  concerns  of  today’s  fastest  chips  and  for  the  next  generation  of 
chips  tl9|. 

As  an  example,  Hummel  et  al.  have  shown  that  alkali  metals  cause  thin  gold 
films  to  disintegrate  into  unconnected  islands  when  heated,  while  indium  underlays 
between  gold  and  quartz  substrate  prevented  thermal  grooving  in  Ao  films  [d-d. 

10],  It  was  concluded  (hat  lu203  which  formed  on  the  free  surface  of  gold 
prevented  thermal  grooving  during  heal  treating  in  air  by  limiting  the  mass 

deposited  onto  oxidized  silicon  wafers  form  "porosity''  after  heating  between  250 
and  450  in  oxidizing  ambients  [13'I4),  U was  noted  that  a porous,  discontinuous 
ihio  Au  film  was  thermodynamically  stable  by  considering  a model  which  involves 
grain  boundary  grooving. 

The  objective  of  this  dissertation  is  to  investigate  the  influence  of  various 
metal  underlays  on  the  stability  of  gold  thin  films  during  isothermal  annealing  and 
to  obtain  a better  understanding  of  the  mechanisms  involved. 

In  order  to  achieve  (his  objective.  Cu-.  Sn>,  V-.  and  Ti-  underlays  have  been 
chosen  based  on  the  standard  free  energy  for  oxide  formation  as  a fonclion  of 
icmpcraure  (Richardson's  chart,  Rgurc  1.  [20]).  For  film  preparation,  Cu-,  So-,  V-, 
and  'Ti  underlays  of  about  130  A thickness  were  sandwiched  between  quartz 
substrate  and  gold  films  of  about  750  A thickness  by  thermal  evaporation  in  a high 

and  500  for  I hour  in  air.  Following  heat  irealmcnl,  the  topography  of  the  film 


fashion  using  SEM  with  capobiiilies  for  EDS 


Figure  1.  Siandord  free  energy  of  fonnaiion  of  oxides 
as  a funclion  of  temperature  [from  ref.  20). 


And  B.E,  image.  Tmnsmisaion  electron  microscopy  (TEM)  was  used  to  delermicie  the 
inlental  grain  uzc  and  grain  structure.  AES.  Auger  sputter  proflliiig,  SAM,  XPS,  and 
SAD  in  TEM  were  employed  to  determine  the  chemical  composition  of  the  film 
surface  and  throughout  the  film  thichness,  the  lateral  distribution  of  chemistry 
across  the  film  surface,  and  the  chemical  reactions  during  annealing.  The  tcaturc  of 
the  gold  films  was  characterized  using  a~ray  diffraction. 

The  effects  of  metal  underlays  on  the  stability  of  gold  thin  films  during 
Isothermal  annealing  will  be  shown  in  terms  of  (I)  oxide  formation  of  the  underlay 
metals.  (2)  grain  growth  of  gold,  (3)  formation  of  holes/hillocks,  <4)  surface 
structure,  and  (S)  preferred  oncniation  of  gold.  The  critical  factors  of  metal 
underlays  for  the  reliability  of  gold  mctalliuitions  have  been  found  to  be  a.s  follows: 
(A)  Oxidation  tendency  of  metal  underlays.  (B)  Thermal  stress  due  to  the  difference 
in  thermal  expansion  coefficienta,  (C)  Volume  change  due  10  die  forntation  of  oxides 
of  the  underlay  melals,  and  (D)  Surface  energy. 


CHAPTER  2 

THEOREnCAL  BAOCCSTOUND 


2.1.  Grain  Growth 

A random  grain  siruclurc  in  a po1ycr>slal  is  inhcrcnily  unstable  and.  upon 
annealing  at  high  tempcmiurc  ( ^ about  O.S  Tm),  any  possible  unbalanced  forces 
uill  cause  a grain  boundary  to  move  towards  its  center  of  curvature  [21-22].  As  a 
consequence,  some  of  the  grains  grow,  but  others  shrink  and  vanish.  If  a grain  has 
sis  boundaries,  it  will  be  in  a mcla.stQblc  equilibrium.  However,  if  a grain  has  less 
than  six  boundaries,  it  will  shrink  and  eventually  disappear  during  annealing.  On 
the  other  hand,  lager  grains  which  have  more  than  six  boundaries  will  grow  [21]. 
Because  the  volume  of  the  specimen  is  constant,  the  number  of  grains  decreases 
and  thereby  the  mean  grain  size  increases  as  a consequence  of  such  boundary 
migration.  This  phenomenon  is  known  as  grain  growth  or  grain  coarsening  [21-22]. 

The  driving  force  for  grain  growth  is  the  boundary  free  energy  [22].  A curved 
boundary  cieates  a diffeiencc  in  free  energy  (dG)  that  drives  the  atoms  across  the 
boundary.  In  a pure  metal  OG  is  given  by  [21] 
dO  = 2 YVm  / r 

T = the  grain  boundary  energy 
V„  — the  molar  volume. 


The  pulling  force 


of  boundiiy  (F)  is  given  by  [21] 


F = AG/V„. 

Thus,  ibe  force  on  a boundary  ia  simply  the  free  energy  difference  per  unit  volume 
of  material. 

2.1,1.  Groin  Growth  in  a Single  Phase  Metals  and  Alloys 

diameter  D increases  with  time  will  depend  on  the  gmin  boundary  mobility  and  the 


curvature  of  all  the  gmin  boundaries  is  proportional  to  the  mean  grain  diameter  D. 
the  velocity  of  grain  boundary  migration  (v)  will  be  given  by  [21] 

V = OM  {2  T/D) 

where  a = a proportionality  constant, 

M = the  grain  boundary  mobility, 
y — tbc  grain  boundary  energy,  and 
D — the  mean  grain  diameter. 

Experimentally  the  grain  growth  obeys  a relationship  of  the  form  [21*22] 


where  t is  the  annealing  lintct  k and  n arc  proportional  constants  which  depend  on 
the  mateiiaJ  and  the  temperature.  The  value  of  n,  the  time  exponent  in  isothermal 
growth.  Is  usually  much  less  than  0.5,  or  at  most 


equal  to  0.5  [20-21], 


2.1.2.  Qrain  Giowlh  in  Ihe  Presence  of  a Second  Phase 


Figure  2 dcpicu  ihe  effect  of  e spherical  particle  on  the  grain  boundary 
migration.  The  moving  boundaries  are  thought  to  be  auacbcd  to  tbc  particles  sc 
that  the  particles  exert  a pulling  force  on  the  boundary  restrictiog  its  motion  [21]. 
'Hie  free  energies  (G)  at  Pi.  P2.  and  Pg.  are  given  as 
Gi  = G3  = AYg  + 47tf^5 
Gj  = (A  - sr^)  Ta  + 

where  A = the  area  of  grain  boundary 
r — the  radius  of  a panicle 
Yb  = the  area  of  grain  boundary 
Tj  — the  surface  energy  of  a particle. 


When  the  boundary  moves  from  Pj  to  Pj  in  Figu 
(AG  1^2)  becomes  - nr^  Ya  ( < 0 } and  therefore  th 
favorable.  However,  when  the  grain  boundary  mo 


the  difference  in  free  energy 
in  boundary  migration  is 
rom  ?2  lb  ^3  in  Figure  2.  the 


difference  in  free  energy  (AG2-*3)  becomes  rrr^  Yb  f ^ 0 ) and  therforc  the  grain 
boundary  migration  is  unfavorable.  Thus  Ihe  grain  growth  is  restrained  in  the 
presence  of  a second  phase.  This  is  called  'pinning  effect'  of  a second  phase  on  the 
grain  boundary  migration  |21|. 

The  above  type  of  grain  growth  is  refered  to  os  normal  (or  continuous  grain 
growth)  [21].  In  contrast  to  this,  abnormal  grain  growth  (or  secondary 
recrystallization  or  discontinuous  grain  growth]  can  occur  when  normal  grain 
growth  is  inhibited  due  to  the  presence  of  a fine  precipitate  array  and  when  the 
icffiperaiute  is  high  enough  to  allow  a few  special  grains  to  overcome  the 
force  and  to  grow  disproportionately  [21]. 


ifihibiling 


(a)  Tlifi  effect  of  spliericaJ  panicles 
on  grain  bound^  oigrauon. 

(b)  The  free  energy  (C)  u Pi.  Pi.  and  P3, 


2^.  Thermal  Slrea  in  Thin  Filins 


When  a thin  film  is  grown  on  a rclaijvely  thick  substrate  and  then  heated  to  a 
temperature  that  is  dirferent  from  its  tcmpcTatuie  during  deposition,  a thermal 
stress  will  be  introduced  due  to  the  difTcreDCes  in  the  thermal  expansion 


coefficients  of  the  film  and  the  substrate  malerial. 

The  thermal  stress  can  be  calculated  by  considering  two  different  samples  of 
equal  shape  and  of  inllial  length.  I.  It  is  assumed  that  (a)  there  is  s biaxial  system 
of  stress  in  the  sample;  (b)  an  equal  sircss  model  can  be  applied:  (c)  the  isoiiopic 
elaslicity  theory  is  valid;  and  (d)  the  samples  are  bonded  at  their  common  interface. 
When  the  samples  are  heated  to  a lemperatum  Ta,  the  length  It'  and  I2’  (Figuio  3) 
will  be  given  by  (private  communication  with  F.  Ebrahimi) 
l|'  = I + OliT  + (Oxi  - VOyyVEl 
I2'  = i + 02AT  - (Oxx  - VCJyy)/E2 


El.  £2  - the  Young's  moduli  of  the  samples 
V - the  Poisson's  ratio 

AT  = Ta  ‘ Ts  where  Ts  = the  initial  temperature. 

When  the  samples  arc  isotropic  and  bonded  at  their  interface,  one  can  write  Oxx  = 
Cyy  (=  dtiti)  and  l|'  — I2'.  Therefore  the  thermal  stress.  Oth.  that  makes  the  length  of 
the  samples  equal  when  healed  will  he  given  by 
<5Ui=  (E|E2/(l-v)(Ei  + E2)l(Oi  - 02)AT 
A positive  value  of  0th  corresponds  to  a tensile  stress. 

If  the  thermal  stress  induced  in  the  substrate  by  the  thin  film.  Is  negligible. 


A biaiial  system  of  thennal  stress  acting 
00  ibe  two  different  samples  of  equal  shape. 


12 


V ( fof  ihe  film)  = 1 + ttfAT  + (o„  - V0,y)/Ef 
Is'  (for  ihc  subsirsle)  = 1 + OjAT. 

li  is  assumed  ihal  Ibe  film  is  again  isolropic  and  bonded  al  Ibe  imerface.  which 
yields  cSsx  - Oyy  (=  <fui)  and  Ir*  = Is'.  Therefore  ibe  thermal  stress,  <Tth.  due  to  the 
conslraint  imposed  by  Ihe  nim-substraie  bonding  is  given  by  [23,26] 

Cfih  = (Ef/(l-v))(af  - OsXTs  - Ta) 
where  Ef=  Young's  modulus, 

V = Poisson's  ratio, 

Cif=  Ihcrmal  expansion  cocfftcienl  for  the  film, 
da  = thermal  expansion  coefTicieni  for  the  substrate, 

Ta  = temperature  at  measurement, 

Ts  - temperature  of  Ibc  substrate  during  film  deposition. 

A positive  value  of  Cih  corresponds  to  a Icnsile  stress  in  the  film. 

2.3.  Stress  Relaxation  in  Thin  Films 

It  is  generally  hnowo  that  thin  films  condcosed  onto  substrates  are,  unlike 
bulk  marerials,  io  a non,equilibrium  ataic  which  is  characterixed  by  a high  level  of 
stress  (2S.  27-29|.  The  total  stress  in  a film  consists  of  two  major  components.  (I)  a 
"ibcrmal  stress'  arising  from  the  difference  in  the  thermal  expansion  eocfficicois  of 
the  film  and  the  substrate,  and  (2)  an  "intrinsic  stress'  resulting  from  the  structure 
and  growth  of  films  [27],  The  tendency  of  a thin  film  towards  equilibrium  brings 
about  a stress  relaxation  in  the  film  [28],  It  can  lake  place  during  heal  treatment  or 
even  during  long  time  storage  at  room  temperature  [19,  28). 

Stress  relaxation  in  thin  films  is  different  from  bulk  materials  not  only  due  to 
the  relatively  small  dimensions  of  the  film  but  also,  frequently,  due  to  the  presence 


of  a coasiraining  subslraie  |30‘3l).  When  a thin  film  is  stressed  by 


smaller  than  the  elastic  limit,  it  deforms  elastically  and  rettinis  to  its  original  shape 
after  the  stress  is  relieved.  However,  when  the  stress  Is  beyond  the  elastic  limit, 
the  ftlm  deforms  plaslcally,  that  is.  it  does  not  return  to  the  original  shape  after  the 
stress  is  relieved  I32-33].  This  plastic  deformation  usually  leads  to  the  formation  of 
hillocks  (protrusions)  or  holes  in  the  films  |28.  30-31,  33-34|.  They  are,  of  course, 
detrimental  during  the  performance  of  a microelectronic  device,  causiog  electrical 
sbons  and  opens  lo  integrated  circuits. 

The  stress  relasaiion  mechanism  strongly  depends  on  the  Him  deposition 
technique  (grain  sine,  texture,  interface  structure)  and  conditions  (defects  and 
composition)  |29,  331- 
2.3.1.  Diffusional  creep 

A diffusion-induced  flow  of  matter  can  be  caused  by  migratioo  of  vacancies 
between  differently  stressed  boundaries  in  a polycrysialline  solid  (35-37).  In  the 
absence  of  pressure  gradients,  the  flux  of  atoms,  due  to  migration  of  lattice 
vacaociCB  or  Inlerelilial  atoms,  will  be  proportional  (0  the  gradient  of  the 
concentration  of  these  lattice  defects;  in  the  presence  of  pressure  gradients, 
however,  it  tends  to  be  energetically  advantageous  lo  move  the  lattice  defects  in 
whichever  direction  will  relieve  the  inequality  of  pressure  [35).  Figure  4 shows  a 
schematic  rcprcsenlalion  of  vacancy  flow  within  a grain  experiencing  tensile  stress 
[33).  The  atom  flow  will  be  opposite  to  the  vacancy  flaw  causing  the  grain  to 
elongate  in  the  direction  of  tensile  stress. 


tic  or 


Ttie  diffusion  flow  mulled  from  ihc  flow  of  point  defects  (usually  vacancies) 


through  grains  under  a concentration  gradient  generated  by  the  applied  stress  is 
called  Nabbarro-Hcrring  creep  [3S<38]  and  that  from  the  flow  of  point  defects 
(usually  vacancies)  round  their  boundaries  is  called  Coble  creep  [36,  38).  In  a thin 
polycrystallinc  (ilni  io  lension,  the  stress  relasalion  rate  by  Nabarro-Herring  cicep 
is  given  by  [37.  39| 

dO/dt  = {(-  BonMDi)/(ghkTDler 
where  do/dt  = stress  rate 

M w elastic  modulus 
O = atomic  volume 
Bo  — geometrical  facior  ^ 1 0 

h = film  thickness 
D|  — lalllcc  di^usion  coefficient 
f = correlation  facior  for  diffusion 
k ~ Boltzmann  constant 
T = absolute  temperalurc 

The  stress  relaxation  rate  by  Coble  creep  is  given  by  [37,39] 

do/dt  = K- Bi£lMDgS)/(gh2kT)lo 

where  B|  = geometrical  factor  ■■  iS 

DgS  = the  combined  grain  boundary  diffusion  parameter, 

TTie  driving  force  for  diffusional  creep  was  shown  to  result  from  a change  in 
equilibrium  vacancy  concenirarion  with  stress  [35-37],  When  a normal  tensile 


by  (36-37). 


ain  boundary,  ihe  in 


aC  = CbOnn/kT 

whcra  dC  — ihe  change  in  vacancy  concentraiion, 
free  cryalaJ. 

art  - ihe  componeiu  of  the  local  siieas  normal  to  the  boundary, 


Figurca  5a  and  5b  [25)  show  schcmaUcally  the  moss  ironspons  by  diffusional 
creep  in  a polycrysiallinc  Him  containing  clastic  strains.  It  is  assumed  that  all  areas 
of  the  free  surface  of  a film  are  equally  efflcienl  source.s  and  sinks  of  vacancie.s.  For 


a film.  t. 


ass  transpon  o 

interior  and  for  a compressive  stress  it  occurs  from  the  in 
surface  of  a fllm.  When  allowing  localized  areas  to  be  mo 
remaining  areas,  the  mass  transport  by  diffusional  creep  c 
of  hillocks  or  holes  on  a film  surface  (25).  The  localized  ai 
in  an  oxide  layer  (or  film  with  low  diffu^on  rates)  on  a fi 
paths  where  diffusion  rates  ate  high  compared  with  the  tea 


; efficient  than  the 
n lead  to  Ihe  formation 
as  can  be  boles  or  crKks 
a,  or  selected  diffusion 
of  the  film  [25). 


e range  of  conditions.  The  mechanisms  proposed  fr 


films  are  mainly  thermal  grooving  (also  called  grain  boundary  grooving)  [2-S,  10. 
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Figure  S,  Schema:ic  reprcseniation  of  mass  inuispori 
by  diffusiooal  creq>  io  a film  (from  ref.25]. 

(a]  Volume  diffusion  is  dominant. 

(b)  Grain  boundary  diffusion  is  dominant. 
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I304,  40-411,  diffiuional  creep  |2S.  33-24.  42).  annlhilaiion  of  excess  vwmcies  [43- 
30),  surface  diffusion  [51-33).  and  Kiricndall  voids  in  Uilo  films  [34-62). 

12ierTnal  grooving  is  caused  by  a mass  iranspon  due  lo  an  imbalance  of 
surface  lension  vrhere  ihe  grain  boundary  intercepts  tbc  free  surface  [3-3,  10), 
Hummel  et  al.  bavc  suggested  that  the  holes  in  thio  gold  films  are  formed  by 
thermal  grooving  when  heat-treated  at  uoiform  temperatures  in  a furnace  [3-3,  10], 
They  also  have  shown  that  thermal  grooving  was  accelerated  by  alkali  metals  in  a 
gold  film  while  it  was  prevenled  by  indium  underlays  between  gold  and  quartz 
substrate  [4-3,  10).  It  was  proposed  by  Srolovltz  et  a),  using  an  equilibrium 
argument  that  polycrystalline  films  were  unstable  due  to  the  presence  of  grain 
boundary  vertices,  which  might  lead  (o  hole  formation  and  growth  [40-41],  It  has 
been  shown  by  Chao  el  al.  that,  considering  Sroloviiz  and  Safran's  model  of  grain 
boundary  grooving,  a porous  and  discontinuous  thin  Au  film  is  thermodynamically 
stable  in  thin  Ni/Au  metallizations  after  heating  [13),  They  also  suggested  that 
stirss  in  thin  films  might  cause  a greater  pore  size  than  the  equilibrium  pore  size. 

It  was  recently  reported  by  Groothuis  et  al.  that  stress  relaxation  by 
diffusional  creep  in  the  bulk  or  in  grain  boundaries  was  Ihe  dominant  mechanism 
for  the  formation  of  voids  in  Al-Si  inierconnccts  during  heal  iicaimcm  (33-34). 
Chaudhari  considered  diffusional  creep  as  the  growth  mechanism  for  both 
annealing  hillocks  and  depressions  [23).  Brinkman  proposed  a mechanism  of  pore 
formation  by  which  the  presence  of  tensile  stress  might  affect  the  nucleation  and 
growth  of  voids  [63).  Yue  et  al.  reported  the  formation  of  stress  induced  voids  in  Al 
based  interconnects  during  1C  wafer  processing  [42).  Besides,  stress  induced  grain 


boufidary  fraciurca  (64)  and  siress  induced  void  fomaiionn  [651  were  reported  by 
other  investigators  in  Al'Si  interconnects. 

Lloyd  and  Nakahara  |43-48|  have  suggested  that  void  growth  in  evaporated 
gold  film  in  the  absence  of  clcctromigration  occurs  as  a result  of  annihlliation  of 
cacess  vacancies  trapped  in  the  film  during  deposition  at  pre-existing  voids. 

Sharma  and  Spitz  have  suggested  that  a high  density  of  voids  observed  in  silver 
nims  on  room  temperature  aging  and  high  temperature  annealing  was  caused  as  a 
result  of  accumulation  of  vacancies  at  sinks  such  as  the  pre-existing  voids  or  other 
vacancies  in  the  as-deposited  nims  [49-50]. 

It  has  been  reported  that  Kirkendall  voids  arc  formed  in  a diffusion  couple  of 
components  A and  B at  the  side  of  the  fast  diffusing  species  during  interdiffusion.  if 
Ihe  bulk  diffusivities  Da  » Db  [54.  66).  The  Kirkendall  voids  have  been  observed  in 
thin  film  couples  of  Pd-Sn  [54].  Au-Sn  (55).  Au-Pb  [56].  Pb-alloy  [57],  Cu-Au  158- 
S9|,  and  Cu-Ni  [60]. 

Besides,  holes  vrere  observed  to  develop  in  Ihin  gold  films  on,  or  sandwiched 
between  two  evaporated  layers  of  either  zinc  sulfide  or  cadmium  sulfide  [67],  in 
nickel  and  gold  films  (68).  in  cleciro-dcpositcd  gold-cobalt  [69]i  and  gold-nickel  [70| 

2.4.  Brief  Survey  of  Hillock  Formalion  in  Thin  Films 

Surface  hillock  formation  during  annealing  has  been  reported  in  ihin  films  of 
various  metals.  Hillocks  grow  extensively  in  Al  [29,  7I-74|.  Au  [75-76].  Sn  [30-311, 
Pb  [30-31,  72.  77-79[,  Ag  |24.  51.  80],  Pb-ln-Au-alloy  [81).  Cu/Sn  (82).  and 
Au/W7sC2s  [83]  films  during  annealing. 


Several  mcctianisms  have  been  proposed  to  explain  the  growth  of  these 


hillocks.  Although  the  mcchunism  of  hillock  growth  has  not  yci  been  Fully 
elucitlaicd.  It  has  been  generally  agreed  that  hillock  growth  In  thin  nima  is 
associated  with  a stress-relaxation  phenomenon  [28-31,  7I-73.  77],  Mechanisms 
such  as  diffusion  creep  [23.  28-29,  71-73,  77,  79-80],  grain  boundary  sliding  [23.  71. 
77],  grain  growth  [84-83).  dislocation  slip  [86],  recryslalliaation  [75).  and  impurity 
atoms  [76]  have  been  proposed  to  explain  the  growth  of  hillocks. 

Hershkovilz  el  al.  reported  that  the  appearance  of  hillocks  on  the  surface  of 
thin  aluminum  films  deposited  by  electron  beam  evaporation  was  an  indication  of 
diffusion  during  the  lempcrnturc  cycle,  and  the  predominant  stress  relaxation 
mechanism  was  grain  boundary  diffusion  creep  [29).  Chaudhari  suggested  that  a 
difference  in  chemical  potential  of  vacancies  between  the  region  in  compression 


and  the  region  in  tension  leads  to  mass  flow  towards  the  region  in  a tensile  stress 
(30-31).  It  was  reported  by  Chaudhari  [30-31]  that  hillock  growth  is  favored  when 
T £ ad/2  [where  a is  the  compressive  stress,  7 is  the  surface  energy  of  the  film  and 
d was  the  siae  of  the  local  area  in  tension).  Inserting  a typical  values  for  7 (of  the 
order  of  0.1  • 0.5  l/m^)  and  for  d (■  10"^  m)  into  the  above  equation,  then  the 
value  of  a is  about  (0.2-I.O)  x 10  ^ N/m^  [30-31).  This  is  a relatively  low  value  of 


expected  to  be  the  favored  mode  of  siress  relaxation  [30-31),  Santoro  reported  that 
hillock  formation  in  thin  aluminum  films  relieved  some  of  the  compressive  siress 
present  on  heating  [73).  it  was  .suggested  that  because  the  mass  motion  causing 
hillock  formation  was  not  a reversible  process,  the  stress  relaxation  was  probably 


accomplished  by  gross  ihinning  of  ihe  film  or  by  grooving  or  separation  at  grain 


Grain  boundary  sliding  can  aiso  be  shown  to  mlievn  the  stress  in  thin  films 
(25,  71,  77].  Grain  boundary  sliding  docs  not  usually  involve  appreciable  flow  of 
inaicrial,  while  diffusional  creep  docs  involve  the  movemem  of  mamrial  [2S,  77). 
Herman  cl  al.  suggested  diffusionai  creep  and  grain  boundary  sliding  mechanisms 
as  the  source  of  mass  transport  for  the  relief  of  stress  which  was  thermally  induced 
in  Al  thin  films  [71].  It  was  also  reponed  by  Lahiri  that  annealing  hillocks  in  Pb 
films  could  be  accounted  for  by  gmin  boundary  sliding  as  well  as  by  diffusional 
creep  [77|. 

Grain  growth  for  grain  boundary  migration)  was  reported  to  lead  to  stress 
relaxation  when  the  film  was  under  a compressive  stress  (84).  Chaudhan  suggested 
ibal,  since  the  coalescing  of  boundaries  generates  a tensile  stress  in  films,  grain 
growth  can  not  relax  tensile  stress  in  films  [84).  Ir  was,  however,  reponed  by 
Griffin  ct  al.  [851  that  the  overall  decrease  in  the  tensile  strength  of  thin  films  of  Al- 
1%  Si  was  primarily  due  to  the  observed  increase  in  grain  size. 

Murakami  [86[  found  that  significant  slrain*rclaxation  in  Pb  thin  films 
occurred  by  a dislocalion*slip  mechanism  al  low  temperature  below  SO  K,  It  was 
also  suggested  by  several  investigators  that  at  relatively  high  temperatures  the 
strain  was  relaxed  mainly  by  a diffusion  eomrolled  mechanism  [86-87);  at  low 


dislocation  slip  Or  twinning  [86,  88). 

Pennebaker  proposed  lhai  hillock  growth  in  sputtered  gold  lllms  was  due  to 
recrysiallization  being  driven  by  thermal  stress  during  annealing  [7S). 


CHAPTERS 

EXPERIMEOTAL  PROCEDURE 


For  (he  film  prcparalion.  Cu-,  Sn>,  V-  and  T1  underlays  of  about  ISO  A 
ihickncas  were  sandwicbed  between  guana  substrate  and  gold  films  of  about  7S0  A 
thickness  by  thermal  evaporation  in  a high  vacuum.  This  geometry  of  a gold  film 
with  a metal  underlay  will  hereafter  be  referred  to  as  a "gold  composite  film." 
Opically  fiat  commercial  grade  polished  fused  guana  plates  with  dimensions  of  2.d  x 
3.5  X 0.1  cm^  were  ultrasonically  clcattetf  for  10  • 15  minutes  in  Alconox  detergent 
in  dedoniaed  water.  Microwa.sh  in  dedoniaed  water,  eleclrotiic  grade  acetone,  and 
finally  electronic  grade  alcohol. 

1)  Alconox  dclergem  <7.3  % phosphorous  by  vreighi,  pH  9.0  - 9J)  solution  was 
utilized  to  remove  the  gross  contaminants  including  oils,  greases,  soils  and 
carbon  products  followed  by  a rinse  with  dedonized  water. 

2)  Microwash  (a  general  pu^tose  labware  cleaner)  in  dc-ionized  water  was 
applied  to  further  remove  water-soluble  contaminants  by  using  a higher 
grade  detergent  followed  by  a rinse  with  de-ionized  water. 

3)  Electronic  grade  acetone,  a semi-polar  solvent  acting  as  a vapor  degreaser 


was  used  followed  by 
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4)  Ekclronic  grade  alcohol,  a less  polar  soivciu  comainiog  fewer  inhereoi 
ioipuritica  was  finally  uiilizcd  lo  conliouc  the  cleaning  aclion  initialed  by 
the  acetone  wash  followed  by  a rinse  with  methanol. 

The  cleaned  stibstrales  were  subjected  to  a stream  of  pressurized  diy  air 
and  caaroined  with  the  aid  of  an  optical  microscope  lo  discard  the  ones  exhibiting 
gross  defects  such  as  scratches,  bubbles,  and  seeds.  The  fused  quartz  used  are 
stable  at  temperatures  up  to  300  [89t.  The  impurity  ccuttenl  is  given  by  the 

manufacturer  aa  follows: 

AI2O3  1 60  - iOO  ppm,  FC2O3  ; 3 -5  ppm  , K2O  ; 3 ppm. 

Ti02  : 5 ppm,  Nb20  : 4 ppm,  Ca  : 0.5  ppm,  B : 0.3  ppm. 

vacuum  chamber.  Four  or  five  substmtes  were  loaded  at  the  same  time.  The 
subslrale'lo'source  distance  was  about  2Scm. 

The  source  materials  for  film  production  were  in  wire  fomt.  They  had  the 
following  purity:  99.999  % for  gold  and  copper,  99,98  % for  tin  and  titanium,  and 
99.5  % for  vanadium.  The  wire  was  carefully  wiped  clean  using  acetone  and 
methanol,  and  placed  in  a tungsten  boat  for  Ti,  V.  and  Cu  . and  a molybdenum  boat 
for  Au  and  Sn  deposition.  These  procedures  were  performed  just  before  entry  into 
the  vacuum  chamber  to  minimize  the  extent  of  contamination  between  cleaning  and 

Prior  to  opening  the  bell  jar.  the  system  was  heated  by  wrapped  heating  tapes 
around  the  chamber  in  order  to  minimize  impurilies  adsorbed  along  the  walls  and 
constituent  pans  of  the  chamber,  A constant  stream  of  nitrogen  was  used  for  the 


substrates 
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RiBicriBls  were  placed  in  the  chamber,  ihe  syslem  wan  closed  and  pumped  down 
Immediately. 

The  vacuum  system  consisted  of  a glass  bell  jar  chamber  pumped  by  roughing 
pumps  (a  mechanical  pump  and  a liquid  Si  *coolcd  adsorption  pump)  and  a 
spullerdon  pump  with  titanium  sublimators.  The  mechanical  pump  was  used  to 
bnng  the  pressure  in  the  chamber  down  to  U a 10*1  Torr  within  10  minutes.  Near 
the  beginning  of  this  period,  the  chamber  was  purged  by  laboratory  grade  nitrogen 
In  order  to  reduce  the  partial  pressure  of  oxygen  and  water  vapor.  After  the 
pressure  was  bached  up  to  atmospheric  pressure,  the  sy.stcm  was  pumped  down  by 
the  mechanical  pump  again.  This  process  was  repealed  two  or  three  times  before 


The  mechanical  pump  was  then  turned  off  and  sealed  from  the  bell  jar  by  a 

about  2 X 10*3  Torr  by  reducing  the  panial  pressures  of  nitrogen,  carbon  dioxide, 
water  vapor  and  residual  hydrocarbons.  Near  the  end  of  this  step,  the  healing 
tapes  around  the  chamber  were  turned  off  and  the  cooling  fans  were  started. 

After  outgassiog  the  titanium  sublimator,  the  adsorption  pump  was  closed  off 
and  (he  ion  pump  was  siancd.  Two  spuUcr>loo  pumps,  in  coojunclion  with  the 
titanium  sublimator,  brought  the  system  pressure  down  to  the  deposition  prcssuie 
of  about  5 X 10*^  Torr  within  4 to  7 hours.  The  titanium  sublimator  was  used  at 
about  20  minutes  iotcrvals  for  40  seconds.  When  the  base  pressures  in  the 

X 10*d  Torr,  the  deposition  was  performed, 
clal  underlayer  of  about  130  A thickness  was 


For  gold  composite  nims,  a n 


7.  substrate  by  thermal  evaporation 


3 KVA 


power  supply. 


substrates 


souree.  Tbe  shutter  was  kept  closed  until  the  cunent  was  stabilized.  After 
stabilization,  the  shutter  was  opened  and  a watch  was  simultaneously  started  for 
the  dctenttiitation  of  deposition  rate.  Upon  reaching  the  desired  thickness,  the 
current  was  turned  off,  the  shutter  closed,  and  the  watch  stopped.  After  the  Hrst 
deposition,  about  15  to  30  minutes  were  required  for  the  system  to  reach  again  the 
base  pressure  of  4 - 8 x 10'^  Terr  for  the  subsequent  deposition  of  Au  without 
breaking  the  vacuum.  Cold  films  of  about  750  A thickocss  were  then  deposited  on 
the  metal  uitdcrlay-covered  quart?,  substrate.  The  adhesive  tape  test  on  as- 
deposited  gold  composite  films  showed  that  inlerfacial  contamination  (oxide)  did 
not  hinder  the  adhesion  of  the  gold  film  to  the  underlay  metals  seriously.  The 
pressures  during  deposition  were  about  1 • 4 x 10*0  Torr  and  the  deposition  rates 
ranged  from  1 to  6 A/sec.  The  subalratc  temperature  during  deposition  was  about 
45°C  due  to  the  radiation  healing  [90|. 

The  mean  free  path  is  defined  as  the  average  distance  traveled  by  a molecule 
between  successive  collisions  with  other  molecules  in  the  gas  phase  f9IJ.  The  mean 
free  path  of  the  gas  molecules  is  inversly  proportional  to  the  pressure  in  the 
chamber.  For  air  molecules  at  25  and  1 x 10*0  Torr.  the  mean  free  pnlh  is  about 
4,500  cm  [92],  Thus  the  pre.ssure  during  deposition,  nbout  1 • 4 x 10*6  Torr,  was 
low  enough  to  ensure  a straight-line  path  for  most  of  the  evaporated  source 
malerials,  for  subslralc-lo-source  distance  of  25  cm. 

The  thickness  of  the  films  was  measured  in  situ  with  a quartz  crystal 
thickness  monitor  positioned  near  the  substrates  during  deposition.  Since  the 
monitor  was  calibrated  for  gold,  the  correction  factors  for  the  other  elements  were 


calculated  and  taken 


density  ratio  of 


the  metals  to  gold.  The  ion  pump 
was  turned  off  aAcr  completion  of  the  deposition  and  the  films  were  leA  in  the 
vacuum  chamber  for  several  hours  for  cooldown.  The  films  were  then  stored  to 
dessicators  while  waiting  for  analysis  or  heat  treatment. 

Isothetntal  annealing  was  carried  out  in  a lube  furnace  at  300  °C  . 400  ’’C  and 
300  for  I hour  in  air.  The  annealing  icmpcraTures  were  chosen  to  approximate 
those  temperatures  produced  during  fabrication  and  operation  of  a device  |2.  13-14. 
19].  The  furnace  was  pre-set  to  the  annealing  temperature  and  allowed  to  stabilize 
for  I hour  before  the  specimens  vrere  insened. 

AAer  slnbilization,  the  specimens  were  put  on  a quartz  boat  and  inserted  into 
the  front  end  of  the  tube.  Following  10  minules  of  preheating  at  this  place,  the 
specimens  were  inserted  into  the  hot  zone  with  a stainless  steel  rod  and  left  in 
there  for  1 hour.  After  the  annealing  period,  the  specimens  were  pulled  out  to  the 
tube  entrance  and  a cool-down  period  of  10  minutes  was  used  prior  to  removal 
from  the  furnace.  The  samples  were  then  removed  and  placed  in  dessicators  while 
waiting  for  analysis. 

In  order  to  study  the  time  dependence  of  the  growth  kiuetics  of  hole 
formation  in  Au/Cu  composite  films  at  400  ^C,  four  samples  were  prepared  from 
the  same  substrate  and  put  into  the  lube  furnace.  Each  one  was  taken  out  after 
annealing  for  the  scheduled  limes  (i.c.,  430,  900 
furnace. 


3,  1800.  and  3600  sec)  from 


3.3  Film  characlerizaLion 


3.3.1.  ScMining  Eleeiren  MicrnscBpv 

Tallowing  heal  ireaimcm,  ihe  lopogntphy  of  ihe  outside  Him  surface  was 
characlenaed  in  a routine  fashion  at  2S  KV  or  30  KV  using  a scanning  electron 
microscope  with  capabitities  for  EDS  and  B.E.  image.  For  the  cross  sectional  view  of 
the  films,  the  specimens  were  mechanically  fractured  and  coated  with  Au-Pd  for 

3.3.2.  Transmission  Electron  Microscopy 

The  internal  grain  structure  of  the  films  was  examined  in  a transmission 
electron  microscope.  For  the  preparation  of  specimens  for  transmission  electron 
microscopy,  the  nims  were  removed  from  the  quartz  substrate  by  dissolving  the 
quartz  in  49%  concentrated  bydmriuoric  acid  and  rinaing  in  de-ionized  water  before 
examination.  The  grain  size  and  the  grain  size  distributions  were  measured  by  a 
line  intercept  method.  The  diffraction  paiicms  were  obtained  by  SAD  in  TEM  and 
identified  by  measuring  the  distance  of  the  diffraction  rings  from  the  center 
(iransmillcd  beam)  and  using  the  foimula  |93|:  R x d = Xx  L where  R is  the  distance 
of  the  diffraction  pattern,  d is  Ihe  intcrplanar  spacing  of  a phase,  X is  the  wave 
length  of  the  electron,  and  L is  the  camera  constant  of  Ihe  microscope. 

3.3.3.  Auger  Eleclron  SpeclroscoPY 

The  chemical  composilion  of  ihc  film  surface  was  characicrized  using  Auger 
cicclron  spectroscopy  (AES).  The  AES  spectra  were  taken  in  the  pulse  counting  N(E) 
mode  and  then  diffcrcniiaicd  using  data  processing  computer  incorporated  in  the 
Pcrkin*Elmer  PHI  660  Scanning  Auger  Multiprobe. 


Line  scanning  Auger  microprobc  (L-SAM) 


the  difference  of  the 
1 of  [he  film.  A 10-KcV 
used  for  boih  ihc  line 


disiribulion  of  chemisiry  aeross  Ihc  film  surface. 

A mulliple-poinl  Auger  analysis  was  used  lo  exs 
chemical  composition  bciween  a specific  area  and  the  i 
eleciron  beam  wiih  a probe  diameter  of  about  Q.l  pm 
scanning  and  the  mulliple-poinl  Auger  analysis. 

Auger  sputter  profiling  was  used  to  examine  the  atomic  species  contained 

argon  sputtering  with  cnmpuicr  control  allemaling  and  data  tabing  cycles.  The 
critical  conditions  for  the  analysis  were  as  follows:  electron  gun  beam  voltage:  10 
KV;  electron  gun  beam  current:  0.01  pA:  eleciron  multiplier  voltage:  1600  V;  base 
pressure:  <1  x 10'^  Tore  (1.3  x 10*^  Pa);  Pressure,  At  ion  sputtering:  3 x 10*5  Torr 
(1.5  X 10*^  Pa):  ion  gun  voltage:  3 KV;  ion  gun  emission  current:  25  mA:  raster  size: 
X 3 (mm^).  Auger  transitions  of  Cu  LMM,  5n  MNN,  V LMM,  Ti  LMM,  0 KLL  and  Au 
NVV  { or  Au  MNN  for  Au/Cu  composite  Rims) 


the  pcak'lO'pcak  amplitude.  The  atomic  concentrations  (3h>  were  calculated  using 
data  processing  computer  system  incorporated  in  the  Pcrkin-Elmar  PHI  660 
Scanning  Auger  Multiprobe  and  plotted  as  a graph  illustrating  the  percentage  of  a 
particular  element  to  the  other  elements  as  a fuclion  of  sputter  lime, 

Cx=  I (l,/S,T»N,(V/S),)/(£  I^S,T,N,(V/S)i)  1 x IDO 

differentiated  N(E)  data;  S = sensitivity  factor;  T = acquisition  lime  per  data  point:  N 
- number  of  sweeps;  V/S  - volts  per  steps.  The  relative  Auger  sensitivities  used 


wsiB  Bs  follows  t94):  Cu  LMM  = .200;  Sn  MNN  = .530;  VLMM  = ,208:  Ti  LMM  = .168:  0 
KLL  = .350;  Au  NVV  = .210;  Au  MNN  = .053. 

3.3.4.  X-rav  Pholoeleciron  SoteiroscQDv 

The  chemical  stales  of  meial  oxides  formed  during  isoihermal  annealing  were 
characlerized  by  XPS  (Kmlos-XSAM  800).  The  XPS  daia  were  obtained  using  Mg  Ka 
radiaiion  and  operaling  ihe  hemispherical  analyzer  al  ihe  medium  Tu.solulion  with  a 
fixed  retarding  ratio  (F.R.R.)  scan  mode,  in  which  the  atea  of  sample  analyzed 
remains  conaiant  throughout  the  whole  kinetic  energy  range.  The  position  of  CIs 
peaks  were  measured  and  moved  al  284.6  eV  195]. 

3.3.5.  X-rav  Diffraction 

For  the  texture  of  the  films.  X-ray  diffraction  paltcms  were  obtained  using 
CuKq  radiaiion  foperaied  at  40  KV  and  20  mA]  and  compared  with  the  relative  X- 
ray  iotensiiics,  Ihklfllll-  of  the  randomly  oriented  gold  powders  which  arc  listed 
in  JCPDS  (Jointed  Committee  of  Powder  Diffraction  Standard). 


CHAPTER  4 

RESULTS  AND  DISCUSSION 


4.1.  Au/Cu  Comoosiic  Films 

4.1.1.  Fonnilicii  af  Holm  in  Gold  Films  Purine  Anne 


Figure  6 shows  typical  SEM  micrographs  of  Au/Cu  composite  rilms  as* 
deposiled  and  annealed  at  300  PC.  400  and  SDO  °C  for  I hour  in  air.  respectively. 
One  observes  the  formatioii  of  holes  in  gold  during  annealing  which  appear  as  the 
darher  regions.  These  dark  circular  spots  were  found  to  vary  between  0.2  and  l.S 
pm  in  diameter  when  the  AuAllu  composite  films  annealed  at  500  PC  (Figure  7). 

The  as-deposilod  Au/Cu  composite  films  show  Mule  surface  structure  as  can  be  seen 
in  Figure  6a.  This  suggests  that  the  as-deposited  Au/Cu  composite  films  have  a 
vciy  smooth  surface.  The  surface  smoothness  of  deposiled  films  is  delemiined  by 
the  slalislical  process  of  nucleation  and  growth,  and  the  mobility  of  adatoms  on  tbe 
substrate  surface  (96J.  The  adatom  mobility  generally  increases  wilb  increasing 
substrate  smoothness.  Thus,  the  smooth  surface  of  the  as-deposited  Au/Cu 
composite  films  is  believed  to  result  from  the  smooth  surface  of  substrate  and  that 


undetlays  deposited 
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u-deposiied  and  annealed  Au/Cu  composiie 
ninu  (60”  till):  (a)  aa-dcposiied,  (b>  300  ”C, 
(c)  400  ®C  and  (d)  SOO  ®C. 
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Figure  7. 


oxide  (CuO)  which  is  paniaily  filiing  Ihc  hole  in  Ihc  goid 


Evidence  for  ihis  wiil  be  given  bciow, 

4.U.2.  Uieral  Diglribulion  of  Chemisitv  Near  ihe  Hoies 

In  order  to  study  the  nature  of  the  holes  shown  in  Figure  6,  Ihc  regions  of  the 
dark  spots  were  examined.  Figure  h depicts  EDS  data  in  SEM  token  by  focusing  the 
beam  on  a dark  spot  and  altcmotely  onto  the  matrix  of  an  anneaied  Au/Cu 
composite  film.  It  con  be  seen  Ihal  the  ratio  of  Cu  In  Au  signal  is  about  4.7  times 
larger  on  a dark  spot  compared  to  on  the  matrix.  This  suggests  Ihe  deplciion  of 
gold  in  a dark  spoL  Both  the  information  depth  and  the  lateral  resolution  of  EDS  in 
SEM  are  about  I pm  [97].  The  Si  peaks  in  Figure  8a  and  8b  stem  from  Ihe  quartz 
substrate  supporting  the  Him.  It  is  quite  possible,  considering  the  size  of  a dark 
spot  end  that  of  the  probing  beam,  that  the  Au  peak  in  Figure  8a  (on  a dark  spot) 
may  come  from  the  surrounding  gold  matrix. 

Figure  9 shows  Ihe  Auger  signal  intensities  for  a line  scan  across  a dark  spot 
on  the  film  surface  of  an  annealed  Au/Cu  composite  film.  It  is  observed  that  the 
intensities  of  the  copper  and  the  oxygen  signal  decreases  on  a dark  spot,  while  no 
gold  signal  intensity  is  detected  across  the  Film  surface.  Auger  election 


: for  studies  of  surface 


spectroscopy  <AES)  is  the  most  widespread  techn 
composition.  In  AES  one  uses  Auger  electrons  w 
typicnlly  10  to  2000  cV.  with  Ihc  corresponding 
escape  depth  of  the  electrons),  on  the  order  of  4 to  25  A [98-99].  The  probe 
diameter  of  scanning  A 


lO-kcV  elcclron  beam  (IOO|.  Taking  into  account  these  analytical  features,  it  is 
suggested  that  the  failure  to  observe  a subsiantlaJ  Au  signal  on  neither  the  matrix 
nor  the  dark  spot  is  due  to  the  presence  of  copper  oxide  both  on  the  free  surface  of 
the  gold  film  as  well  as  in  the  holes.  It  will  be  shown  in  Section  4,1,2.  that  the  kind 
of  oxide  which  is  formed  this  way  is  CuO  rather  than  Cu20, 

The  decreased  Auger  inieosities  of  copper  and  oxygen  on  a liark  spot  in  Figure 
9b  can  be  explained  by  considering  "backscallcring  effects"  on  the  Auger  signal 
intensities.  Figure  10  shows  a comparison  of  the  secondary  elcclron  and  the 
backscattered  elcclron  image  of  a dark  spot  in  an  annealed  Au/Cu  composite  film. 
The  dark  spot  in  SEM  appears  as  a darker  region  in  the  backscattered  electron 
image.  The  yield  of  backscailcrrd  electrons  increases  monoionically  with  the 
atomic  number  of  the  specimen  as  shown  in  Figure  II  [I0I|.  Specirrcally,  the 
backscattered  electron  coefficient  of  gold  is  about  1.7  times  larger  than  that  of 
copper.  Tbus  a possible  depletion  of  gold  on  a dark  spot  would  generate  less 
bnckscaiiered  electrons  than  on  the  mntrix,  which  result  in  the  decreased  Auger 
intensities  of  copper  and  oxygen  on  a dark  spot  in  Figure  9b.  This  is  consistent  with 
the  results  of  EDS  analysis  in  Figuie  S. 

An  atomic  multiple-point  Auger  analysis  was  performed  both  on  a dark  spot 
and  on  the  matrix  of  an  annealed  Au/Cu  composite  film  with  the  resulting  Auger 
spectra  shown  in  Figure  12.  The  films  were  progressively  sputtered  for  certain 
limes  and  the  Auger  spectra  were  recorded  at  the  same  location  after  each 
sputtering  interval.  The  elements  Cu,  O and  C were  evident  both  on  a dark  spot  and 
on  the  matrix  before  sputtering  (Figure  12.  al  and  a2).  C peaks  are  usually  found 
on  any  samples  which  have  been  exposed  to  the  atmosphere  for  any  length  of  time 
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Figun:  8,  Energy  dispersive  spectroscopy  (EDS)  analysis 
of  a Au/Cu  composite  film  annealed  at  500  “C: 


Figure  9.  (B)  ScaiuiiDg  eleclroo  micrograph  at 

> Au/Cu  composile  film  aoncBled  ai  SOO  °C. 
(b)  Auger  signal  iniensiiies  for  a line  scan  accos 
the  surface  indicaled  in  (a). 
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(a) 


30KU  X48O00  0018  0 lU  UFMSe 


Figure  10.  (a)  Secondar>  electron  and 


of  a Au/Cu  composite  film  annealed  ai  SOQ 
(Eo=30  KeV). 


38 


Comparison  of  secondaiy  electron 
cocfnciem  (8)  and  backscaitered  electron 
cocfricients  (ri)  as  a function  of  atomic  number 
(Wituy,  1966;  Heinrich.  1966)  (from  ref.  1011. 
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Figure  12.  AES  spectra  token  Trom  a Au/Cu  composite 
film  annealed  at  500  °C: 

<al)  on  a dark  spot,  (s2)  on  the  malha 
before  sputtering 

(bl)  on  a dork  spot,  <a2)  on  the  mains 
after  1.5  min.  sputtering 

after  4.5  min.  sputtering. 


KINETIC  ENERGY  (aV) 


RgufE  12.  (comiDued) 


KINETIC  ENERGY  (eV) 


Figure  12,  (ccpfuinued) 


anolyais  II02-I0S]. 
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After  1,5  miti,  apunerring,  however,  strong  Au  signal 
inlensilies  were  observed  on  Die  matrix  along  with  Cu  and  O,  while  a dark  spot  was 
taosily  Cu  and  0 with  no  Au  present  (Figure  12,  bl  and  b2).  The  Auger  analysis 
aAcr  4.5  min.  sputtering  indicates  only  a strong  Au  signal  on  the  matrix,  but  a 
charging  effect  on  a dark  spot  due  lo  the  exposure  of  quartz  substrate  (Figure  12.  cl 
and  c2). 

annealed  at  500  after  dis.solving  Ihe  quartz  in  49  % HF  suluiion.  Since  the  CuO 
layer  was  also  dissolved  in  49  % HF,  the  former  con  not  be  seen  in  5EM  nor  in  TEM 
micrographs,  as  expected.  The  dark  region  in  an  SEM  micrograph  and  the  while 
region  in  a TEM  micrograph  represents  the  holes  in  Ihe  gold  Films  formed  during 
annealing.  An  Auger  line  scan  (Figure  I4b)  (or  Au.  Cu  and  0 was  takca  along  ibc 
line  indicated  on  the  SEM  mictograph  (Figure  14a)  of  a stripped  Au/Cu  composite 
film  annealed  at  500  9C.  Only  a strong  Au  signal  was  observed  on  Ihe  matrix,  while 
no  Au,  Cu  or  0 vrere  piescnt  in  the  hole  of  gold  films.  This  again  suggests  that 
Au/Cu  composite  films  form  holes  during  annealing  in  air,  Oosc  correlation 
between  the  line  scans  and  SEM  images  is  evident. 

Furthermore,  it  is  observed  in  Figure  13a  that  the  gold  is  evenly  distributed 
around  Ihe  holes.  This  suggests  that  the  diffusion  of  gold  atoms  occurred  during 
the  foimalion  of  Ihe  holes  resulting  in  an  increase  of  overall  film  ihickoess. 

Figure  IS  shows  a fraciure  cross  sectional  SEM  micrograph  of  an  Au/Cu 
composite  film  annealed  at  500  °C  for  I hour  in  air.  One  observes  the  holes  in  the 
gold  film  which  is  partially  filled  with  copper  oxide  (CuO). 


Figun  13.  (i) 
(b) 


ScanniDg  electrao  microgTipb  and 


stripped  Au/Cu  composite  nims  axmealed 
at  500  °C  (The  nima  were  removed  froro 
the  subsuite  by  dissolviitg  ibe  quirti  in 
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Rgufe  IS.  Fnctuic  cross  scciional  S£M  of  sn  AufCu  composiie 
film  annealed  ai  SOO  for  I hour  in  air. 


16 


now  discuss  ccnalo  models  foe  the  hole  smicture.  Figuie  16  shows  schcmsUcally  a 
hole  in  an  annealed  AWCu  composite  film  which  is  partially  filled  with  copper 
oaide  (CuO).  To  begin  with  we  assume  that  copper  oxide  (CuO)  forms  oo  lop  of  the 
gold  matrix  and  also  pnnially  in  the  hole  of  the  gold  film  as  shown  io  Figure  16c. 

As  an  altemalive  one  can  picture  the  hole  in  a gold  film  to  be  completely  filled  with 
copper  oxide  (Figure  16a).  This  possibility,  however,  is  discarded  because  of  the 
observed  charging  effects  on  a dark  spot  (Figure  12  cl)  after  4.5  min,  sputtering, 
while  the  gold  matrix  still  showed  a strong  Au  signal  (Figure  12  c2).  It  could  be 
argued  that  the  sputtering  yield  for  CuO  is  larger  than  that  for  Au.  Just  the 
opposite,  however,  is  the  case.  This  will  be  explained  in  detail:  The  ejeciioo  of 

called  '‘spulicring",  and  the  average  number  of  atoms  ejected  from  the  material  per 
incident  ion  is  defined  as  the  sputiering  yield  |106).  The  sputtering  yield  on  gold 
has  been  reponed  to  be  higher  than  that  of  capper  oxide  1103-104),  Thus  the 
sputtering  time  before  the  exposure  of  the  quarts  substrate  is  expected  to  be  longer 
on  a dark  spot  than  on  the  matrix  in  case  of  model  A. 

Both,  models  B and  C could  satisfy  the  earlier  presence  of  charging  effccta  on  a 
dark  spot  compared  to  on  the  gold  matrix.  However,  the  possibility  of  model  B is 
discarded  by  the  fracture  cross  scclional  SEM  of  an  annealed  Au/Cu  composite  film 
at  500  °C  (Figure  IS). 

Figure  17  shows  a scanning  electron  micrograph  of  an  annealed  Au/Cu 

which  was  obtained  without  tilling  the  specimen.  It  is  seen  that  the 
rid  films  which  arc  panially  filled  with  copper  oxide  exhibit 


composite  film 
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Figure  16.  Schcnmiic  model  .^miciures  of  a hole  in  an  annealcl 

Au/Cu  compoaiic  Hlms  which  ia  panially  filled  wiih  CuO 
(a)  Model  A (b)  Model  B <c)  Model  C 
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H 


Figure  17.  Scanning  eleciron  micrograph  of  an  Au/Cu 
composile  nim  annealed  at  SOO  °C. 


occuionally  small  holes  marked  "H".  A large  secondary  electron  signal  around  the 
edge  compared  to  locations  in  the  iolcnor  of  the  alrjclore  results  In  a white 
circular  contrast  around  the  holes  in  the  CuO  layer. 

It  is  concluded  from  these  esperiments  that  (1>  Ati/Cu  composite  lilms 
develop  boles  during  annealing  for  1 hour  in  air  at  temperatures  between  300 
and  300  (2)  The  holes  in  the  Au/Cu  composite  films  are  partially  Ttllcd  with 

copper  oxide;  (3)  During  the  formation  of  Ihe  holes,  some  gold  atoms  diffuse 
transversely  resulting  in  an  increase  of  overall  Him  thickness. 

4.1.2.  Formation  of  Conner  Oxide  Poring  Annealinir 

Ftgutc  18a  shows  the  AES  spectra  taken  from  the  Cu  underlay  in  an  as- 
dcposilcd  Au/Cu  composite  film  in  which  the  Au  has  been  removed  by  6.0  min, 
argon  sputtering.  Figure  18b  presents  an  AES  spectra  taken  fiom  the  copper  oxide 
layer  near  the  ftlm  surface  for  an  annealed  Au/Cu  composite  film,  after  l.S  min. 
sputtering.  It  is  evidcnl  that  Ihe  copper  underlay  in  an  as*deposlted  Au/Cu 
composite  Elm  shows  only  a strong  Cu  signal  with  no  0 present,  while  the  layer 
near  the  surface  of  an  annealed  Au/Cu  composite  film  shovrs  strong  0 and  Cu 
signals.  Thus,  the  chemical  slate  of  Ihe  copper  underlay  in  an  aa^dcpoailcd  Ait/Cu 
composite  film  is  mclallic  copper,  which  forms  copper  oxide  during  annealing  in  air 
and  not  during  deposition. 

In  order  to  identify  the  chemical  stale  of  Ihe  copper  oxide,  an  XPS  analysis 
was  performed  on  an  annealed  Au/Cu  composile  film.  Figure  19  shows  the 
chaiucicristic  CuO  features  in  the  XPS  spectra.  Binding  energies  for  the  Cu  2Pi/2 
and  2Pia  peaks  are  located  at  9S3.8  cV  and  933.8  eV.  respectively.  These  binding 
energies.  Ihe  energy  scpcmiion  of  20.0  cV  bclweco  the  iwo  Cu  2P 


peaks,  and 


Figure  18.  AES  jpcclrs  laken  from  Au/Cu  cumposilc  films: 
(a)  as-dcposiicd  {affcr  fi.O  min.  spuncring), 

<b)  annealed  ai  SOO  °C  (after  I.S  min.  spuiieriog). 


BINDING  ENERGY  (eV) 


Figure  19. 


XPS  spectra  of  the  Cu  2p  peaks  taken 
from  the  surface  of  a Au/Cu  composite 
annealed  at  fOO  °C. 
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'shakc-up'  peak  at  abcul  943  eV  correspond  to  Ihose  of  CuO  (I07|.  Aufcr 
paramcicr  (Cu  LMM  = 918  eV)  plus  photon  energy  (Cu  2P3/2  - 933.8  eV)  also 
supports  the  ronoation  of  CuO  rather  than  Cu20.  The  information  depth  of  XPS  is 
about  10  - 30  A because  of  the  escape  depth  of  the  clcciroas  ]98|. 

Thermodynamically,  one  would  eapeel  that  copper  oside  would  form  during 
deposition  at  the  base  vacuum  pressure  of  5 a 10*^  Torr.  It  is  shown  in  the 
Richardson's  chan  [20]  (Figure  1)  that  copper  will  oxidize  in  an  atmosphere  in  which 
the  partial  prca.sure  of  oxygen  is  larger  than  about  10*^^  atmosphere  at  room 
lemperalure.  However,  oxidation  of  copper  may  not  occur  if  the  kinetics  are  loo 
alow  [14],  Frrcm  the  kinetic  theory  of  gases  a relationship  between  the  flux  of 
incident  molecules  striking  the  surface  of  unit  area  per  second  and  the  ambrem 
pressure  is  given  as  [108] 

F(molecules/cm2-scc)  - 3,52  x 10^2  p(Torr)(MT)-'/2 
where  M is  the  average  molecular  weight  of  the  gaseous  species  and  T is  the 
temperature.  Substituting  P = 5 x 10~9  Torr  and  using  the  values  M « 32  g/mol  and 
T n 300  K,  the  molecular  impingement  rale  is  about  lO'^  molecules/cm^-scc. 
Assuming  the  surface  concentration  of  copper  is  about  lO*^  aioms/cm^,  then  the 
surface  may  be  covered  with  a monolayer  of  copper  oxide  after  100  seconds  if  all 
the  incident  oxygen  molecules  that  collide  with  the  copper  slick  10  it.  Thus,  it  is 
believed  ihal  a low  impingement  rate  of  oxygen  to  the  thin  film  surface  keeps  the 


pressure  of  5 x lO'^Torr.  The  sticking  coefficienl  of  oxygen,  tl 
incident  gaa  particles  that  are  absorbed  by  the  film  surface  is  i 


is.  the  fraction  of 
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CuO  is  Ihermodynsmically  possible  lo  fom  during  annealing  at  500  in  air. 
For  ihc  chcmicai  reaction,  Cu  + 1/2  = CuO,  the  Gibbs  free  energy  for  formsUoii  (bO 

s AH  • T AS  where  AH  is  the  change  in  enihaipy  (or  heat  of  reaction)  during  the 
reaction  at  temperature  T,  and  AS  is  the  change  in  entropy)  can  be  calcuiated  from 
thermodynamic  data  [iiO|.  Assuming  AH(T)  • AHO(Z98)  and  AS(T)  • aS°(298)  and 
using  the  vaiues  AH^  = *37,74  kcat*moi'i  and  AS°=  -22,07  x 10*^  fccol-K‘i*mol*i,  the 
standard  free  energy  for  the  formation  of  CuO  is  given  as 
ACKkcal)  = -37,74  ♦ 22.07  x 10-3  T (OK), 

Since  RTlnP02 (atm.)  = 2 AG  (111],  CuO  will  form  at  500  oc  in  an  riir  atmosphere 
containing  PO2  2 about  I0*i  i atm.  The  fonnation  of  CuO  in  the  Au/Cu  system 
during  annealing  in  a temperature  range  of  250  ^C  to  750  i^C  has  been  reported 
[59],  The  growth  of  the  Cu20  phase  from  copper  by  thermal  aging  at  ISO  ^C  in  an 
air  has  also  been  reported  II02-I04]. 

The  overall  composition  of  copper  in  an  Au/Cu  composite  films  was  about  8,3 
wt,%  in  this  study.  Reference  to  the  phase  diagram  [112]  shows  that  the  solubility  of 
Cu  in  Au  is  unlimited.  Three  possible  intermetallic  phases  such  as  CuAuy,  CuAu, 
and  CuyAu  have  been  reported  to  form  in  Cu-Au  thin  film  couples  during  heat 
treatment  [58,  113],  However,  no  evidence  for  the  formation  of  intermetallic  phases 
was  observed  by  x*ray  diffraction,  and  XPS  analysis. 

It  is  believed  that  the  copper  from  the  underlays  simply  diffuse  through  the 
gold  and  form  copper  oxide  (CuO)  on  the  free  surface  of  the  gold  films  duriog 
annealing  lo  air.  Similar  results  were  observed  by  Lee  et  al.  in  an  Ati/lo  composite 
film  during  annealing  in  air  [10].  It  was  al.so  reported  by  Lloyd  et  al.  that  the 
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formalion  of  inlcrmeiallic  compounds  was  cfrcciivcly  reduced  by  Uic  presence  of  a 
Ihin  oxide  layer  grown  on  an  Au/Pb  thin  film  couple  [56|. 

It  can  be  concluded  lhal  Au/Cu  composite  films  form  copper  oxide  (CuO) 
during  annealing  in  air  and  not  during  deposition.  CuO  is  thcrmodynamiealiy 
pos.sibie  10  form  during  annealing  in  air  at  iJie  lemperatures  used  in  this  study. 

4.1.3.  Disirihution  of  Conner  Throuetiout  the  Film 

Auger  depth*composition  profiles  were  made  applying  argon  ion  sputtering 
with  computer  controlled  allemating  sputtering  and  data  taking  cyeles.  The 
resuling  profiles  are  presented  in  terms  of  atomic  concentration  versus  sputter 
etching  time  in  Figure  20.  As  expected,  copper  Is  localized  near  the  interface 
between  the  gold  film  and  the  quartz  substrate  in  an  as-deposited  Au/Cu  composite 
film  (Figure  20a).  Hi^  concentrations  of  copper  and  oxygen  on  the  film  surface 
are,  however,  observed  for  all  chosen  annealing  temperatures  (Figures  20b,  20c. 
and  20d).  The  oxidation  might  be  the  driving  force  for  the  out'dtffusion  of  the 
copper  during  annealing  in  air.  However,  surface  segregation,  concentration 
gradients,  or  strain  effects  during  annealing  could  be  also  possible  driving  forces. 

4.1.4.  Grain  Structure  of  Gold 

Figure  21  depicts  the  grain  structure  of  as-deposited  and  annealed  Au/Cu 
composite  films  os  cxiunincd  by  TEM,  The  as-deposited  Au/Cu  composite  films 
reveal  a uniform  and  fine-grained  siruclure  with  a mean  grain  diameter  of  about 
700  A (Figure  21a).  The  Au/Cu  composite  films  develop  subsianlial  grain  growth 
and  holes  in  the  gold  films  during  annealing  ai  300  be,  400  be.  and  500  be  (Figures 
21b,  21c.  and  2ld,  respeclively).  The  mean  grain  diamcler  of  annealed  Au/Cu 
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Figure  20.  Auger  spuiier  profiles  of  u-deposiied  and 
annealed  Au/Cu  composite  films: 

(a)  as-deposited  (b)  300  °C 

(c)  400  °C  (d)  500  ®C 
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Figure  20.  (CODIinucd) 
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Traosmissioii  electnjn  micograplu  of 
u*deposiled  ind  innealed  Au/Cu  compoaiile 
nUna:  (a)  u-deposiled,  (b)  300  °C.  (c)  400  °C 
aad  (d)  300  ®C. 
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Figure  22.  Mean  grain  diamerers  measured  from 
transmission  electron  micrographs  of 
as-deposited  and  anneaied  Au/Cu  composite 
films  at  various  tempratures. 
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composite  films  si  500  is  about  4000  A.  The  change  in  ihe  mean  grain  diameter 
as  a function  of  temperature  is  shown  in  Figure  22. 

4.1.5.  Fiber  Tealure  fPreferred  Oriemuiionl  of  Gold 

films  at  500  are  shown  in  Figure  23a  and  23b.  respectively.  Figure  23c  shows 
the  relative  X-ray  intensities,  1hkl/l|ll>  ^1*  1^4  randomly  oriented  gold  powders 
which  are  listed  in  JCPD5  (Jointed  Committee  of  Powder  Diffraction  Standard).  Both 
as-deposiied  and  annealed  Au/Cu  composite  films  reveal  a strong  [111}  peak.  X- 
ray  diffraction  occurs  from  the  crystal  planes  which  lie  parallel  to  the  substrate 
[II4-11S].  Thus,  it  is  suggested  that  Ihe  gold  films  in  a.s-deposiled  Ati/Cu  composite 
films  have  a (III)  preferred  orientation  parallel  to  the  substrate  surface.  The  (111) 
preferred  orientation  of  gold  is  retained  after  annealing  up  to  500  regardless  of 
the  annealing  temperature. 

It  is  well  known  that  vapor  deposited  thin  films  tend  to  develop  a preferred 
oricniatloo,  called  "fiber  teaturc"  (116).  A fiber  texture  In  vapor  deposited  thin 
films  may  develop  at  various  stages,  e.g.,  nucleaiion,  coalescence,  growth,  epitaxial 
growth,  oblique  growth,  and  annealing.  They  are  accordingly  called  nucleaiion, 
nucleatioR-growih,  growth,  epitaxial,  oblique,  and  annealing  texture,  respectively 
[116],  The  substrate,  fused  quartz,  used  in  this  study  was  amorphous  and  the  films 
were  deposited  at  about  normal  incidence  on  IL  Thus  the  preferred  orientation  of 
gold  in  an  as-deposIted  Au/Cu  composile  film  is  believed  to  develop  at  the  stage  of 


nucleaiion  and  growth  during  deposition. 
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Figure  23.  X-ny  diffrucUoa  peiiems  of  Au/Cu  composite  films: 
U)  u-deposited 

(b)  anneuled  at  500 

(c)  relative  X-r*y  imenaiiies,  l|ik|/I|U>  of 
Au  powders  listed  in  JCPDS. 
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(I  is  also  generally  agreed  lhal  vapor  deposited  films  of  fee  mcitls  on 
amorphous  subslralcs  eahibil  a (111)  preferred  oricnlalion  |116|.  The  (Uf) 
orlenlalion  of  gold  has  been  reponed  lo  have  ihe  lowest  inlerfacial  energy,  and  a 
higher  nucleaiion  rale  than  others  [117-1181.  The  (III)  preferred  oriemalion  in 
vapor  deposiied  gold  Hlms  oo  amorphous  substrates  has  been  observed  before  by 
oibcr  invesiigaiors  [I19-120I. 

4.1.6.  Kinetic  Sludv  on  the  Formailcn  of  Holes  in  Au/Cu  eomimsile  films 

The  number  density.  Na.  of  pores  was  counted  using  a grid  of  3 a 4 in  si?o. 
The  number  of  grid-crosses  covered  by  holes  oul  of  100  total  grid-crosses.  Pp.  was 
also  counted,  and  the  area  fraction.  Aa.  was  then  calculated  by  As  - Pp/IOO. 
Relatively  dense  regions  of  holes  were  selected  in  the  scanning  elcclroo  microscope 
and  the  data  were  token  from  ten  differem  fields  and  averaged. 

Figure  24  shows  Na  (1/U^)  and  Aa  of  holes  in  an  annealed  Au/Cu 

composiic  film  for  various  annealing  times.  The  scatter  bar  reprosems  9S% 
confidence  intervals  for  the  mean  (px  ± 2 S.E.)  in  both  Figure  24a  and  24b.  Although 
the  scalier  was  loo  large  to  draw  a curve  through  the  data  with  95%  confidence  for 
the  mean,  it  can  be  seen  that  the  number  of  holes  stays  approiimaicly  equal  with 
an  annealing  time,  and  the  area  fraclion  of  holc.s  incroa.scs  wiih  annealing  lime  in 
is  may  suggest  that  the  holes  in  the  gold  film  form  by  a 
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Assuming  the  grain  sizes  are  Ihc  same,  the 
unit  area  is  given  as  (private  communicaiion  by  R.T.  DeHoff) 

N = 2 a (i/area  of  a grain). 

Taking  0.35  iim  for  the  mean  grain  diameter  (Figure  22).  then  the  calculated 
number  of  grain  boundary  triple  points  per  unit  area  (i/pm^)  is  20  for  annealed 
Au/Cu  composite  films  (400  bC.  I hour).  The  number  density  of  holes  observed  iu 
Figure  24a  is  about  0.6  (l/pm^).  This  is  smaller  than  the  calculated  number  of 
triple  points.  Thus,  it  is  suggested  that  even  though  the  hole  formation  in  gold  films 
is  likely  to  occur  at  the  grain  boundary  triple  points,  there  may  be  more  favorable 
sites  for  hole  formation  than  actually  activated. 

It  is  concluded  that  (1)  Au/Cu  composite  lilms  form  holes  in  Ihc  gold  Dims 
during  annealing  for  1 hour  in  air  at  temperatures  between  300  and  500  ^c.  The 
holes  in  Au/Cu  composite  films  are  partially  filled  with  copper  oxide  (CuO);  (2) 
Au/Cu  composite  films  form  copper  oxide  (CuO)  during  annealing  in  air  and  not 
during  deposition;  (3)  Cu  underlays  which  have  a small  tendency  towards  oxidation 
do  not  prevent  grain  growth  of  gold  during  annealing;  (4)  The  gold  fibns  in  aS' 
deposited  Au/Cu  composite  ftlms  have  a (111)  preferred  orientation  parallel  to  the 
substrate.  The  (111)  preferred  orientation  of  gold  is  retained  after  annealing 
regardless  of  the  annealing  temperature;  (S)  The  density  of  holes  in  Au/Cu 
composite  films  stays  nearly  constant  with  annealing  time,  at  400  in  air,  while 
the  area  fraction  of  holes  increases  with  annealing  lime  in  a near  parabolic  manner. 


4.2.1.  Surface  Tonoeranliv 


Figure  2S  sKowa  typical  SEM  micrographs  of  Au/Sn  composite  films  as- 
deposited  ond  aruicolcd  at  300  ^C,  400  ’’C  and  500  °C  for  1 hour  in  air.  ft  appears 
that  annealing  of  the  Au/5n  composite  films  as  icmpcraturea  up  to  500  does  not 
substantially  change  the  surface  topography.  Au/Sn  composite  films  form  oeilhcr 
hillocks  nor  holes  during  annealing  in  air.  However,  a rough  surface  struclure  in 
both,  as-deposited  and  annealed  composite  films  is  observed  in  Figure  25.  Figure 
26  depicts  an  SEM  micrograph  of  an  as-deposited  pure  tin  film  of  about  130  A 
thickness.  It  exhibits  similarly  rough  surface  structure  as  that  of  an  Au/So 

films  results  from  the  rough  surface  structure  of  the  tin  underlay.  Similar  results 
have  been  repoircd  in  Au/In  composite  films  by  Hummel  Cl  al.  13.  101. 

4.2.2.  Chemical  State  of  Tin  in  As-dcoosiied  Au/Sn  Comoesiie  Films 

In  order  to  study  the  change  of  the  chemical  slale  of  tin  throughout  the  film 
thickness,  a series  of  AES  spectra  were  taken  using  various  sputtering  times.  The 
AES  spectra  were  taken  in  the  pulse  counting  N(E)  mode  and  then  difrcrcnlialcd 
using  the  data  processing  compuler  incorporated  in  the  Pcrkin-Elmcr  PHI  660 
Scanning  Auger  Mullipiobe.  Figure  27  shovrs  a series  of  Auger  spectra  taken  from 
an  as-deposiled  Au/Sn  composite  film.  The  lop  four  AES  spectra  were  taken  from 
the  surface  region  of  the  film.  i.c..  on  the  surface  (Figure  27a).  after  0.3  (Figure  27b), 
0.9  (Figure  27c)  and  I.S  (Figure  27d)  min.  sputtering.  The  bottom  three  AES  specim 
were  raken  from  the  tin  underlay  region  near  the  substrate,  i.e..  after  7.5  (Figure 
27e).  8.1  (Figure  270  and  8.7  (Figure  27g>  min.  spullcring.  The  Iwo  major  features 
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Figure  27,  AES  spectra.  dN/dE,  taken  from  an  as-deposited 
Au/Sn  composite  Aim: 

(a)  before  sputtering 

(b)  aAer  0.3  min.  sputtering 

(c)  after  0.9  min.  sputtering 

(d)  after  l.S  min.  sputtering 

11.  near  substrate 

(e)  after  7.S  min.  sputtering 

(n  after  8.1  min.  sputtering 

(g)  after  8.7  min.  sputtering 
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70 


in  Sn  MNN  peaks  observed  arc  known  lo  be  doe  lo  MdNe.sNe.s  end  MsN4,sN4,5 
Auger  ironsidons  [121-122).  The  kineiic  energies  of  die  Sn  MNN  peaks  ai  430  and 
437  eV  correspond  lo  those  of  metallic  Sn  [122-123).  This  indicates  that  die 
chemical  stale  of  the  lin  underlay  in  aa-depoaited  Au/Sn  compoalle  filma  remain  in 
metallic  form,  [n  contrast  lo  this,  the  kineiic  energies  of  425.S  and  433  eV  near  the 

diffusion  and  oxidation  of  Sn  on  ihe  free  surface  of  gold  in  an  as-deposited  AufSn 
composite  film. 

Similar  changes  of  the  chemical  stale  of  Sn  throughout  the  film  thickness  were 
observed  using  XPS  spectra  performed  on  an  as-deposited  Au/Sn  composite  film. 
Figure  28  depicts  a scries  of  XPS  spectra  of  the  Sn  3d  peaks  taken  on  the  surface 
(Figure  28a)  and  from  the  Sn  underlay  near  the  substrate  after  sputtering  (Figure 
28b).  Figure  28a  shows  lin  oxide  features  and  Figure  28b  shows  metallic  Sn 
fcoluies.  Binding  energies  for  the  Sn  3ds/2  peak  arc  located  at  486.4  and  484.9  cV 
for  lin  oxide  and  metallic  lin,  respectively  [124).  This  is  in  agreement  with  the  AES 
results  (Figure  27). 

In  summary,  Ihe  chemical  stale  of  the  tin  underlay,  in  as-depcsiled  Au/Sn 
composite  films,  was  found  to  be  metallic  tin.  Some  of  Ihe  tin  from  the  underlay 
diffuses  out  and  forms  tin  oxide  on  the  free  surface  of  the  gold  niffls  during  storage 
at  room  lempcrsiure.  Thermodynamically,  one  would  expect  that  tin  would  form 
lin  oxide  during  deposition  in  vacuum  of  5 x 10"8  Torr.  It  is  shown  in  the 
RichaidsoD'a  chart  [20]  (Figure  I)  that  tin  will  oxidize  in  an  atmosphere  in  which  Ihe 
partial  pressure  of  oxygen  is  larger  than  about  1(1'^^  atmosphere  at  room 
temperature.  However,  as  discussed  in  seciion  4,1,2.,  it  is  believed  that  a low 


underlays  from  being 


inipingernem  rale  of  oaygeo  to  the  film  surface  keeps  li 
oaidiaed  during  deposilion  nl  ihc  base  vacuum  pressure  of  5 i I0~^  Tott, 

4.2.3.  Eoimtiion  ct  Tin  Dxide  Purine  Anncaline 

A series  of  AES  spectra  were  taken  from  an  annealed  Au/Sn  composite  film  at 
300  °C.  As  in  the  as-deposited  Au/Sn  composite  film  (Figure  27),  the  top  four  AES 
spectra  were  taken  from  the  surface  region  of  the  fiim.  i.e.,  on  the  surface  (Figure 
29a),  after  0.3  (Figure  29b),  0,9  (Figure  29c)  and  I.S  (Figure  29d)  min.  sputtering. 
The  bollom  three  AES  spectra  were  taken  fmm  the  lin  underlay  region  near  the 
subsirsle.  i.e.,  afier  7.5  (Figure  29c),  8.1  (Figure  290  and  8.7  (Figure  29g)  mio. 
sputtering.  Kinetic  energies  (425.5  and  433  eV)  throughout  the  film  of  an  annealed 
Au/Sn  composite  fiim  correspond  to  those  of  tin  oaidc  [122). 

composite  Films  at  300  ^C.  Figure  30  depicts  a scries  of  XPS  spectra  of  the  Sn  3d 
peaks  taken  on  the  surface  (Figure  30a)  and  near  the  substrate  (Figure  30b).  Aii 
XPS  spectra  in  Rgures  3Da  and  30b  show  lin  oaide  features.  The  binding  energy 
for  the  So  3d5/2  peak  is  located  at  appiosimatcly  486.4  cV.  The  slight  difference  of 
binding  energies  of  the  Sn  3d  peaks  on  the  surface  of  the  Film  (Figure  30a)  is 
believed  to  resuit  from  Ihc  surface  contamination  during  air  esposure  before  the 

analysis  1122). 

4.2.4.  Identification  of  Oaide  of  Tin 

Since  it  is  difficuit  to  distinguish  the  two  stable  osides,  namely  SnO  from  Sn02> 
by  either  AES  or  XPS  because  of  their  similar  electronic  structures  [122),  SAD 
patterns  were  used  to  identify  the  chemical  state  of  tin  oaide  formed  during 


annealing.  Figure  31  shows  a SAD  palicm  of  an  annealed  Au/Sn  composite  Film. 


Figure  29.  AES  spectra.  dNAlE,  taken  from  500  ®C  annealed 
Au/Sn  composite  film. 

I.  near  surface 

(a)  before  sputtering 

(b)  after  D.3  min.  sputtering 

(c)  after  0.9  min.  sputtering 

(d)  after  1.5  min.  sputtering 

II.  near  substrate 

(e)  after  7.5  min.  sputtering 
(0  after  8.1  min.  sputtering 
(g)  after  8.7  min.  sputtering 
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Figure  30.  XPS  spectra  of  the  5n  3d  peaks  token 

rnsm  on  aimealed  Au/Sn  composite  Him 
It  500  «C. 


(b)  near  substrate. 
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Figure  31.  Sn02  phue  ideotined  in  an  SAD  pvierxi 

of  an  Au/Sn  composhe  film  anoaaied  at  500  ^C. 


Tigure  32.  SAD  pallems  of  Au/So  composiw 

films  annealed  ai  (a)  300  °C  and  (b>  400  "C. 


The  ring  paitcms  of  SAD  in  TEM  suggesi  lhai  both  Au  and  SnO^  are  polycryslallinc 
as  expected.  In  addition  to  gold  phases  of  (111).  (200),  (220)  and  (310),  Sn02  phases 
Of  (110).  (101),  (200)  and  (211)  were  observed  as  marked  in  Figure  31.  Simiiar  SAD 
pauems  were  aiso  observed  in  Au/Sn  composite  fitnis  anneaied  at  300  and  400 
‘>C  os  shown  in  Figures  32a  and  32b,  respectively. 

In  summary,  it  is  suggested  from  these  resuits  that  the  tin  underlay  remains 
in  a metallic  form  in  an  as-deposited  Au/Sn  composite  fiim,  which  oxidizes  during 
anneaiing  in  air  and  forms  tin  oxide  (SnOg). 

SnOg  is  thermodynamically  possible  to  form  during  annealing  in  air.  The  So 
underlays  could  be  oxidized  during  annealing  by  the  following  two  mechanisms. 

(1)  mechanism  A:  Sn(liq.)  » 02  = SnOg  (505  'K  S T S 1898  ®K) 

(2)  mechunism  B:  Sn  4 02  = Sn02  (298.16 °K  505  °K) 

In  mechanism  A,  the  metallic  tin  is  melted  before  it  is  oxidized  and  the  liquid 
phase  of  tin  then  forms  tin  oxide  (Sn02)  during  annealing  in  air.  In  mechanism  B, 
the  metallic  tin  is  oxidized  before  it  is  melted.  For  the  chemical  reaction.  Sn(liq.)  4 
02  = Sn02.  itw  Gibbs  ftee  energy  of  formation  (dG  = dH  - T dS)  can  be  calculated 
from  thermodynamic  data  (1 10|-  Assuming  dH(T)  • dH®(298)  and  dS(T)  » dS°(296) 
and  using  the  values  dH<>  = -143.08  kcal*mo|->  and  dS«=  -S2.IS3  x 10-3  kcal-K' 
^■mol'l,  the  standard  free  energy  for  the  formation  of  Sn02  is  given  as 

dG(kcal>  = -143.08  4 52.153  x 10-3  T (”K). 

Since  RT1nP02(8tm.)  = *<3  [llll.  Sn02  will  form  at  505  «K  S TS  773  OR  in  an  air 
atmosphere  containing  P02  i about  I0‘30  atm. 

For  the  chemical  reaction.  Sn  4 O2  = SnOv.  the  standard  free  energy  for  the 


formation  of  Sn<>2  Is  given 


ACKkcal)  = -142.01  » 48.803  i 10'3  T (®K) 

using  Ibe  values  AHOn  -142.01  kcal-mol’'  and  AS°=  -48.803  i lO’^  kcal*K-l>morl. 
Again  since  RTlnP02(aim.)  = 40  IH'I.  Sn02  will  form  al  298.16  oR  S T S 505  “K  in 
almosphere  comaining  PO2  2 about  10*^^  atm.  Thus  SnO^  is  Ihermodynamically 
possible  10  fonn  through  both  mcctihism  A and  B during  annealing  in  air. 

The  amount  of  tin  in  Au/Sn  enmposite  films  was  about  6.3  wt.%  in  this  study. 
Reference  to  the  phase  diagram  [I25[  shows  that  the  solubility  of  Sn  in  Au  at  500 
is  appraaimaiely  4.2  wi.%.  There  are  three  possible  intcimctallic  phases  such  as 
AuSn,  AuSn2.  and  AuSna  which  have  been  reported  to  form  in  Att/Sn  system  [54- 
56,  126-127).  Furthermore.  Au  has  been  mported  to  be  a fast  diffuser  in  Sn  [128]. 
Thus  interdifrusioo  might  occur  which  might  lead  to  these  intermetaliic  phases. 

Also  there  might  be  the  possibility  of  0 Kirkcndull  effect  with  accompanying 

was  observed  by  SAD  in  TEM.  X-ray  diffraction,  AES.  and  XPS. 

It  is  thus  concluded,  as  in  Au/Cu  composite  films  (Section  4.I.2.),  that  the  tin 
from  the  underlay  simply  diffuses  out  and  forms  tin  oxide  (Sn02)  on  the  free 
surface  of  gold  and  along  the  grain  boundaries  of  the  gold  films  during  annealing  in 


4.2.5.  Distribution  of  Tin  Throuahout  the  Film 

Auger  depth-composition  profiles  were  made 


by  argon  ion  sputtering  with 
1 taking  cycles.  The  resuting 


profiles  are  presented  in  terms  of  atomic  concentration  versus  sputter  etching  time 
in  Figure  33.  Figure  33a  shows  Auger  depth  profiles  of  an  as-deposited  Au/5n 
composite  film  (30  days  after  deposition).  Some  of  tin  and  oxygen  can  be  observed 
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Figure  33,  Auger  sputter  pruHles  of  as-dcposiied  a 

(aj  as-deposited  (30  days  after  depositii 
(b)  300  »C.  (c)  400  »C,  and  (d)  500  OC. 
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Figure  33.  (coolinued) 


already  on  Uic  gold  surface  in  tills  film.  This  may  be  imerprcied  by  eit 


deposilion  of  tin  and  gold,  (2}  ihc  formaion  of  an  inicrnielallic  compound  by 
Imcrdiffualon  between  gold  and  lin  at  room  icinpcralurc,  or  (3)  out-diffusion  of  tin 
through  gold  groin  boundaries  either  during  evaporation  or  during  storage  at  room 
icmperalure  before  analysis. 

Firstly,  if  co-deposilion  of  (in  and  gold  had  occurred,  il  would  be  eapecled  lhal 
the  concenlration  of  tin  would  be  uniformly  throughout  ihe  entire  gold  film.  This 
has  not  been  observed.  Therefore,  this  possibility  is  discarded. 

Secondly,  it  has  been  reported  that  considerable  Interdiffusion  can  take  place 
in  as-dcposiicd  Au/Sn  films,  resulting  in  the  formation  of  various  imermetallic 
phases  such  as  AuSn.  Au5n2,  and  AuSne  at  room  temperature  (54.36,  126-127]. 

Since  Au  is  known  to  be  a fast  interstitial  diffuser  in  Sn  [12S]  but  the  Sn  diffusivity 
in  Au  is  negligibly  small  al  room  lemperalure  [129],  il  is  expected  that  any 
intermetallic  compound  would  be  formed  whilhln  the  region  of  the  tin  underlay. 
Furthermore,  since  gold  was  evaporated  on  lop  of  tin  and  Ihe  overall  composition  of 
lin  was  aboui  6.3  wt.  %Au.  an  unroacied  pure  gold  layer  is  expected  on  the  surface 
region  even  though  all  the  tin  might  be  consumed  in  forming  the  AuSn  phase.  Il 
has  been  reported  |I26|  that  (1)  if  Ihe  concentration  of  lin  in  Au  films  is  less  than 
50  atomic  percent,  the  AuSn  phase  is  then  formed  and  grows  from  the  interface 
leaving  excess  gold  as  an  unreacted  layer.  <2)  when  the  concentration  of  tin  in  Au  is 
greater  than  50  atomic  percent,  then  the  iniiially  formed  AuSn  phase  iransforms 
aubscqucnily  into  AuSng,  and  AuSnu  or  a mixture  of  bolh  depending  on  the  amount 
of  excess  lin.  This  possibility  Is,  however,  also  discarded  because  (1)  strong  Auger 
intensities  of  (in  and  oxygen  were  observed  on  the  film  surface  in  Figure  33a.  (2) 
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the  chemical  stale  of  tin  underlays  near  the  substrate  was  idcDliricd  as  metallic  tin 
in  on  es-deposiicd  Au/Sn  composite  rilms  (Figure  27  and  Figure  28>.  and  (3)  no 
evidence  for  the  formation  of  intenectallic  phases  was  observed  by  X'ley 
diFraclion.  AES.  XPS  and  SAD  in  TEM. 

Finally,  the  out-diffusion  of  tin  is  most  lilcly  to  lake  place  through  the  gold 
grain  boundaries  either  during  evaporation  or  during  storage  at  room  temperature 
before  the  analysis.  It  has  been  reported  that  the  rapid  diffusion  of  Sn  into  Au 
proceeds  via  grain  boundaries  |33|.  The  grain  boundary  diffusivity  of  Sn  into  Au  at 
room  temperature  was  reported  to  be  h 10  cm^/sec  [S3).  The  average  diFusloo 
distance  after  a lime  t ia  appmximalcly  given  as  a " 2,4  VDi  [130-131).  Substituting 
1 = 30  days,  then  the  diFusion  dislance  of  tin  can  be  as  much  as  about  3 pm  during 
storage  at  room  temperature  which  is  more  than  film  ihickness. 

Ibc  presence  of  oxygen  may  suggest  the  formation  of  tin  oxide  on  the  free 
surface  of  gold  films  which  is  in  agreement  with  the  resulls  of  AES  (Figure  27)  and 
XPS  (Figure  28)  analysis.  Thus,  the  oxidation  might  be  the  driving  force  for  the  out- 
diFusion  of  the  tin  even  m room  Icmpcralurc.  ft  is  believed  that  the  tin  from  the 
underlay  diffused  out  through  the  gold  films  by  grain  boundary  diffusion. 

Compared  to  the  as-deposited  Au/Sn  composite  films,  the  thickness  of  the  tin 
oxide  layer  on  top  of  gold  was  Increased  during  annealing  as  shown  in  Figures  33b. 
33c  and  33d.  The  apparent  atomic  concentration  ratio  of  Sn  to  0 is  about  1 to  1.1  on 


the  results  of  SAD  patterns  in  TEM  in  which  5n02  was  idcailincd.  The  apparent 
difference  ia  believed  to  be  due  primarily  to  the  cFccI  of  back.scaiicred  elcciroi 


which  might  be  produced  by  the  gold  matrix  beneath  the  tin  oxide  layer.  The 
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backscauered  energetic  electrons  change  the  intensity  of  the  Auger  signal  which 
can  be  directly  attributed  to  the  incident  electron  beam  (132].  This  may  change  the 
sensitivity  factors  of  both  tin  and  oxygen  which  is  different  from  those  used  for  the 
atomic  coficcmration  profiles  in  Figure  33.  It  is  therefore  believed  that  the  results 
of  SAD  pBltems  in  TEM,  in  which  Sn02  was  identifted.  arc  more  reliable  for  the 
chemical  stale  of  tin  oalde  in  this  study. 

Figure  34  depicts  the  grain  structure  of  as'deposilcd  and  annealed  Au/Sn 
composite  films  as  examined  by  TEM.  Figure  35  shows  the  change  in  the  mean 
grain  diameter  as  a function  of  icmpcmtum.  The  scatter  bar  mpresenis  95% 
conndence  inlcrval.s  for  the  mean  (px  ± 2 S.E.).  The  idcniincalion  of  grain 
boundorics  was  difficult  in  the  image  of  heavily  faulted  polycrysialline  structures. 
This  may  introduce  an  error  during  the  decision  making  process.  Nonetheless,  a 
slight  grain  growth  during  annealing  is  evident  in  Figure  34.  Ftgum  36  shows  a 
fracture  ctosS'Seciional  scanning  electron  micrograph  of  an  annealed  Au/Sn 
composite  films  and  exhibiting  gold  grains  and  a tin  oxide  (SnOg)  layer  on  top  of  the 
gold  film. 

4.2.7.  Fiber  Texture  fPreferred  orlenlaiionl  of  cold 

X'ray  diffraction  patterns  of  as.dcpositcd  and  annealed  Au/Sn  composite 
films  are  shown  in  Rgure  37.  All  major  diffraction  peaks  of  gold,  t.e.,  the  fill). 
(200),  (220).  <31 1),  and  (222)  were  observed  both  In  as-deposited  and  in  annealed 
Au/Sn  composite  films. 

In  order  to  quantify  a possible  texture  of  thin  films,  the  orientational  factor 


fhki  is  defined  as  |i33) 


Figure  34,  Traosmiisioii  electron  micrographs  of 

aS'deposited  and  annealed  Au/Sn  composae 
nine:  (a>  as-deposlied.  lb)  3D0  °C.  (c>  400  <>C 
and  (d>  300  ®C. 


MEAN  GRAIN  DIAMETER, 
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Figure  35,  Mean  grain  diameiers  measured  from 
traosmission  cieciroa  micrographs  of 
as-deposiicd  and  annealed  Au/So  composite 
films  at  various  temperatures. 


Figure  36.  Fracture  cross 
micrograph  of 
annealed  at  500 


sectional  scanning  electron 
an  Au/5o  composite  films 


-RAY  INTENSITY 
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29  («) 


Figure  37.  X-riy  di/fraeiioo  ptnenii  of  Au/Sn  compojite  film*. 
<a)  as-doposiied 

(b)  annealed  ai  SOO  °C 

(c)  relaiive  X-iiy  inteasiuea.  IhkI/lul.of 
Au  powden  lined  in  fCPDS. 
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flikl  = Uhkl/Fhkl  )/£  Ohkl/Fhkl  )• 

where  IhkI  irid  F^kl  ere  (he  measured  inlcnsity  uid  the  scaucring  factor  for  each 
diffraciioD  plane  (bkl),  respectively.  The  values  of  the  measured  intensity  and  the 
acaitering  factor  from  the  ICPDS  arc  tabulated  in  Tabic  I.  The  resultant 
orientational  factors  calculated  from  Ibe  above  equation  are  shown  in  Table  2. 
Considering  all  five  major  diffraclion  peaks  in  gold,  the  value  fhki  = 0.20 
corresponds  to  samples  having  no  preferred  orientation.  That  is.  the  samples  with 
fhkI-  0.20  for  all  diffraction  planes  have  randomly  oriented  structures. 

It  is  suggested  from  these  results  that  (I)  the  gold  films  in  as^deposited  Au/Sn 
composite  films  have  a random  orientation  with  a slightly  stronger  (200) 
orientation  parallel  to  Ibe  substrate  and  (2)  the  random  oricniatioo  of  gold  It 
esaentinlly  retained  aOcr  annealing  regardless  of  annealing  temperature. 

As  discussed  in  section  4.I.S..  it  has  been  ob.tcrvcd  that  evaporated  gold  films 
on  an  amorphous  subsiralc  exhibit  a (III)  preferred  orientation  (119-120).  Further, 
nn  increased  mobility  of  aluminum  atoms  promotes  the  (III)  preferred  orientation 
of  aluminum  films  111],  It  is  believed  that  the  decreased  mobility  of  gold  atoms 
arriving  at  the  rough  surface  structure  of  the  tin  underlays,  as  shown  in  Figure  26, 
prevents  the  development  of  a (111)  preferred  orientation  in  gold  films.  This  is 
similar  to  the  Au/In  system,  where  the  rough  surfaced  indium  underlays  dcposiled 
onto  an  amorphous  quarts  substrate  have  been  shown  to  cause  a random 
orientation  of  gold  both  for  as-deposited  and  for  annealed  polycrysiallinc  films  [ID). 
)n  summary,  (1)  Au/Sn  composite  films  show  a rough  surface  structure  in 

composite  films  results  from  the  rough  surface  structure  of  the  Sn  underlays;  (2) 
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Values  0/  'Kki/Iiu  “d  Scaiiering  facier  Fun  of 
as-deposiled  sod  amiealed  Au/So  composite  films 
as  measured  by  X-ray  diffraction. 


Scattering  F 
(from  JC 
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Table  2.  Orieriaiional  factor  fh^i  of  aa-deposiiiaj 
and  annealed  Au/5n  cornpoaile  films  as 
calculated  from  Thu  - (I|,kl/Fhkl)/S(lhkl/F|,n). 


Au/5n  composite  films  form  neither  hillocks  nor  holes  during  snncaling  in  sin  (3) 

deposited  Ati/Sn  composite  films  form  already  a thin  tin  oside  layer  on  the  free 
surface  of  gold  without  annealing,  that  is.  during  30  days  storage  at  room 
temperature.  The  thickness  of  a tin  oaide  layer  increases  during  annealing  between 
300  and  300  for  1 hour  in  ain  (5)  The  gold  films  in  as-deposited  AufSn 
composite  films  have  a random  orientation  with  a slightly  stronger  (200) 
orientation  parallel  to  the  substrate  surface.  The  random  orientation  of  gold  is 
retained  after  annealing  regardless  of  annealing  temperature. 


4.3 


4.3.1.  Surface  Topoeranhy 

Figure  38  ahows  typical  SEM  micrograplia  of  Au/V  composite  films  as- 
deposited  and  annealed  at  300  400  and  300  for  1 hour  in  air.  As- 

deposited  Au/V  composite  films  reveal  little  surface  struelure  as  shown  in  Bgure 
38a.  As  discussed  in  Section  4.1. 1,1.,  the  smooth  surface  of  an  as-deposited  films  is 
believed  to  be  due  to  the  smooth  surface  of  the  substrate  and  that  of  the  underlay. 
Hillock  growth  la  apparent  in  annealed  Au/V  composite  films  (Figure  38b.  3Bc  and 
38d).  The  number  density  (l/|im^)  of  the  hillocks  vras  about  I3J  (l/pm^)  (2  S.E.  = 

1 2.2)  and  the  area  fraction  of  the  hillocks  was  about  0.77  (pm^/pm^)  <2  S.E.  - ± 

0.04)  in  an  annealed  Au/V  composite  film  (Figure  39).  2 S.E.  (standard  error) 
represents  95%  confidence  intervals  for  the  mean  values. 

In  order  to  study  the  nature  of  the  hillocks,  atomic  multiple-point  Auger  analysis 
was  performed  both  on  a hillock  and  on  the  maths  of  an  annealed  Au/V  composite 
film.  Figure  40a  and  40b  Shows  Auger  spectra  taken  on  a hillock  and  on  the  matrix 
from  an  annealed  Au/V  composite  film.  The  probe  diemeler  of  the  scanning  Auger 
microprobe  was  about  0.1  pm  for  the  atomic  multiple-point  Auger  analysis.  It  was 
difficult  to  direct  the  beam  on  cither  a hillock  or  on  the  matrix  alone  because  of  the 
highly  compact  hillocks  of  about  0.1  pm  in  width.  This  may  cause  Auger  signals 
from  the  surrounding  area  during  data  aqulsition.  An  image  shifting  by  the 
electron  beam  made  it  even  more  difficult  to  use  the  line  scanning  Auger  analysis 
across  the  film  surface.  Nonetheless,  it  is  seen  in  Figure  40  that  the  ratio  of  the  Au 
to  the  V signal  was  about  2.5  times  larger  on  a hillock  compared  to  on  the  matrix. 
This  suggests  that  the  hillocks  consist  mainly  of  Au. 


(b) 
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Figure  ^9.  ScenciiQg  electron  micrograph  of  an  Au/V 
composite  Him  onneaicd  at  500  (60°  liii). 


Figure  40,  Auger  spectra  taki 
Au/V  composite  fl 
(a)  OD  a lullock 


anjiealed  at  SOO  °C. 
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4.3.2.  Peimaiion  of  Vaiiadluni  Oilde  Durin»  Annetlint 

In  order  to  identify  the  chemical  aiale  of  vanadium  undcriays  in  aa*deposiled 
Au/V  composite  films,  AE5  spectra  weic  taken  after  sputter  etching.  Figures  4la 
and  41b  show  Auger  spectra  taken  from  a vanadium  underlay  after  9.9  min.  and 

10.5  min.  sputtering,  respectively.  The  kinetic  energies  of  the  V LMM  peaks  at 

431.5  and  437.5  eV  have  features  of  mciallic  vanadium  11341. 

Vanadium  underlays  form  vanadium  oiidc  during  annealing  in  air.  To 
investigate  the  chemical  state  of  the  vanadium  oside.  an  XPS  analysis  was 
performed  on  an  annealed  AuA'  composite  film.  Figure  42  depicts  XPS  spectra  of 
the  V 2P  peaks  taken  from  the  surface  of  a AuA'  composite  film  annealed  at  500 
9C.  Binding  energies  for  the  V 2Pi/2  and  2P3/2  peaks  were  located  at  524.9  eV  and 
517.4  eV,  respectively.  These  binding  energies  and  the  energy  scperaiion  of  7J  eV 
between  the  two  V 2P  peaks  correspond  to  those  of  VgOg  |I3S1.  The  0 Is  X-ray 
satellite  is  seen  between  the  two  V 2F  peaks  as  marked  in  Figure  42.  Figure  43 
illustrates  XPS  spectra  taken  from  the  XPS  handbook  |135]  of  the  V 2P  peaks  of  the 
metallic  V (Figure  43a)  and  those  of  VyOy  (Figure  43b).  The  differences  in  XPS 
spectra  between  metallic  V and  VyOy  are  evident. 

The  information  depth  of  XPS  is  about  10  • 30  A caused  by  the  escape  depth  of 
the  electrons  |98).  Thus  the  vanadium  underlays  cause  vanadium  oxide  to  form  on 
the  free  surface  of  geld  films  during  annealing  in  air.  its  chemicai  state  was 
idcnrificd  ns  V2O5  in  the  XPS  spectra. 

Thermodynamically,  one  would  expect  that  vanadium  wculd  form  vanadium 
oxide  duriog  deposition  at  the  base  vacuum  pressure  of  5 x I0~^  Torr.  As  shown  in 
the  Richardson's  chan  [20)  (Figurcl).  vanadium  oxidizes  in  on  atmosphere  in  which 
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Figure  41.  AES  spectra  taken  from  an  as.dcpaaited 
Au/V  composite  film. 

(a)  vanadium  underlay  after  9.9  min.  sputtering 

(b)  vanadium  underlay  alter  lO.S  min.  sputtering. 
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Rgure  42.  XPS  spectra  of  the  V 2p  peaks  taken  from 
the  surface  of  an  Au/V  composite  film 
annealed  at  500  oc. 
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Figuru  43.  XPS  spectra  of  (i)  tnelallic  V and  (b)  V2O5. 
[from  ref.  I35] 


partial  pressure  of  oxygen  is  larger 


atmosphere 


temperature.  Thus  vanadium  is  very  likely  to  be  oxidized  at  a very  low  paitiai 
pressure  of  oxygen.  However,  as  discus.scd  in  Section  4.I.2..  it  is  believed  that  a low 
impingement  rate  of  oxygen  keeps  vanadium  underlays  from  being  oxidized  during 
deposition  at  the  ba.se  vacuum  pressure  of  5 x I0~^  Torr. 

V20s  is  thermodynamically  possible  to  form  during  annealing  at  500  in 
air.  For  the  chemical  reaction,  2V  s*  5y2  O2  = V2O2,  the  Oibbs  free  energy  for  the 
formation  (dG  = dH  - T dS)  can  be  calculated  from  thermodynamic  data  [110]. 
Assuming  dH(T)  dH^(298)  and  dS(T)  • dSb(298)  and  using  the  values  dH^  = ~ 

381.96  fccal-mol-'  and  dS°=177.39  x lO'^  kcal>K-'>mol'>.  the  standard  free 
energy  for  the  formation  of  V2OS  is  given  as 

dG  fitcaJ)  rs  -3gl,96  • 176J9  x lO'^  T (®K). 

Since  RTInP02(aim.)  = Vi  dG  1111],  V2O:  will  form  at  500  <■€  in  an  air  aimospbcre 
containing  PO2  k nboul  10*^®  atm. 

In  order  to  study  the  change  of  the  chemicai  state  of  vanadium  throughout  the 
film  thickness,  a scries  of  AES  spectra  were  taken  at  various  sputtering  times.  The 
AES  spectra  were  taken  in  the  pulse  counting  N(E)  mode  and  then  differentiated 
using  the  data  proccs.sing  computer  incorporated  in  the  Ferkin'Elmer  PHI  660 
Scanning  Auger  Multiprobe.  Figure  44  shows  a scries  of  Auger  spectra  taken  from 
an  annealed  Au/V  composite  frim.  The  top  fcnir  AES  spectra  were  taken  from  the 
surface  region  of  the  Him.  i.c..  on  the  surface  (Figure  44a).  after  0.3  (Figure  44b). 

0.9  (Figure  44c)  and  1,5  (Figure  44d)  min.  sputiering.  The  bottom  three  AES 
spectra  were  taken  from  the  vanadium  underlay  region  near  the  substrate,  i.e,, 


after  16.5  (Figure  44c),  17.5  (Figure  440  and  17.7  (Figure  44g)  min.  sputtering. 
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h is  seen  in  Figure  44  ihal  tiic  kinciic  energy  of  ihe  V LMM  peaks  appears  al 
aboui  436  eV  lAroughoui  Oic  Him  of  ihc  annealed  Au/V  composite  nim.  As 
mentioned  above,  tbe  cbemicai  slate  of  vanadium  oaide  formed  during  anoeallDg  in 
air  is  V20j,  Thus  tbe  Auger  spectra  in  Figure  44  axe  believed  10  be  due  to  Ihc 
formation  of  vanadium  oxide  (V2O5)  throughout  the  film. 

The  ehemicai  reactions  of  vanadium  with  the  Si02  substrate  during  annealing 
have  been  widely  discussed  in  the  iltcraiurc.  it  has  been  reported  that  the  most 
reactive  of  the  transition  metals  (e.g.  titanium,  zirconium,  hafnium,  vanadium, 
niobium)  can  be  expected  to  adhere  to  SiOg  quite  weii  [IT.  I36-I37J.  The  reason  for 
the  excellent  adhesion  to  Si02  is  that  they  have  a negative  heat  of  reaction  with 
Si02  which  breaks  down  SiOy  to  form  oxides  of  the  transition  metais  during  a heal 
treatment  in  which  cxtcmal  oxygen  sources  are  absent  (c.g.  high  vamium)  [17.  136|. 

Assuming  that  the  reaction  products  are  a metal  silicide  and  a metal  oxide,  the 
chemical  reacUon  can  bo  given  as  |136): 

S1O2  + = MySi  + Mj.yOg 

The  change  in  the  Gibbs  free  energy,  OG.  Is  given  by  [138|t 
AG  =■  OH  - TdS 

temperature  T,  and  o3  is  the  change  in  cntiopy.  If  AG  is  less  than  zero,  the  reaction 
is  thermodynamically  pos^le.  For  Ihc  reactions  in  the  solid  stale,  AS  v 0,  because 
the  volume  changes  are  negligibly  small  [136].  Thus  the  change  in  Gibbs  fiee 
energy  AG  is  approximated  by  the  change  in  enthalpy  AH. 


Figure  44.  AES  spcclni-  dWdE.  uico  from  so  Au/V 
composite  film  anneuJed  at  SOO  ^C. 

I.  near  surface 

(a)  before  spuucring 

(b)  after  0.3  min.  sputtering 

(c)  after  0.9  initi.  sputtering 

(d)  after  I.S  min.  sputtering 

II.  near  substrate 

(e)  after  16.5  min.  sputtering 

(f)  after  I7.I  min.  sputtering 

(g)  aAer  17.7  min.  sputtering 
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of  vanadium. 


been  reported  that  vanadium  forms  VjSi 


(he  Si02  subscraie  during  annealing  under  vacuum  a(  about  800  tor  3 bour  1136). 
The  vanadium  sflicide  forms  towards  the  substrate  side  of  the  metal  film,  while  the 
metal  oxide  forms  oo  the  free  surface  |I36|. 

in  this  study,  it  was  difficuh  to  get  Auger  informations  after  exposure  of  the 
quana  substrate  because  of  charging  effects.  It  ts  thus  not  demonstrated  whether 
the  vanadium  underlays  reacted  and  formed  vanadium  silicldes  with  the  SiOg 
substrate  during  annealing  at  500  °C  in  air. 

The  conccniraiioD  of  vanadium  in  Au/V  composite  films  was  about  SJ  wt.%  in 
this  study.  Reference  to  the  phase  diagram  |139]  shows  that  the  solubility  of  V in 
Au  at  500  oc  is  approximately  4,0  wi.%.  it  is.  however,  believed  by  considering 
the  results  of  XPS  In  Figure  42  and  the  results  of  AES  in  Figure  44  that  vanadium 
underlay  mainly  form  vanadium  oxide  (V2O5)  during  anncallog  in  air. 

Auger  depth  profiles  were  made  by  argon  ion  sputtering  with  computer 
controlled  alternating  sputtering  and  data  taking  cycles.  The  resuitng  prorrlea  are 
presented  in  terms  of  atomic  concentration  versus  sputter  etching  time  in  Figure 
45.  Auger  depth  profiles  of  a.s-dcposiicd  and  annealed  Au/V  composite  films  at 
various  temperatures  are  seen.  As  expected,  vanadium  is  localized  near  the 
interface  between  the  gold  film  and  the  quartz  substrate  in  ao  as.dcposilcd  Au/V 
composite  film  (Figure  45a).  High  concentrations  of  vanadium  and  oxygen  on  the 
film  surface  were,  however,  observed  for  all  chosen  annealing  temperatures 
[Figures  45b,  45c.  and  45d],  which  supports  the  concept  of  oul*diffusion  of  the 
vanadium  underlay  and  the  formation  of  a vanadium  oxide  (V2O5)  on  (he  free 


lo: 

jiurface  and  in  die  grain  boundaries  of  gold  during  anncaiing  in  air.  Thus,  oxidation 
might  be  again  a driving  force  for  the  oul'difrusion  of  vanadium  during  anncaiing 
in  air  as  discussed  in  Section  4,1,3. 

4.3.4.  Grain  Slniclure  of  gold 

Figure  46  depicts  the  grain  structure  of  as*dcposited  and  annealed  Au/V 
composite  ffims  examined  by  TEM.  The  as-dcposiicd  Au/V  composite  ffims  reveai 
a relativciy  uniform  and  fine.graincd  polycrystallinc  structure  with  a mean  grain 
diumclcr  of  about  1000  A (Figure  46a).  The  anneaied  Au/V  composite  ftlms  show 
grain  growth  in  gold  when  annealed  at  300  oc,  400  ^C,  and  500  (Figures  46b. 

46c,  and  46d,  respectively).  The  mean  grain  diameter  of  annealed  Au/V  composite 
films  at  500  vras  about  2700  A.  The  change  in  the  mean  grain  diameter  as  a 
function  of  temperatum  ta  shown  in  Figure  47. 

4.3.5.  Fiber  Texture  (Preferred  Orieniationl  of  Cold 

X.ray  diffraction  patterns  of  as.dcpoaiied  and  annealed  Au/V  composite  films 
are  shown  in  Figure  48a  and  48b,  respectively.  Figure  48c  shows  the  relative  X>ray 
intensities.  Ihhl/hl1>  randomly  oriemed  gold  powders  which  is  listed  in 

JCPDS  (Jointed  Committee  of  Powder  Diffraction  Standard).  Both  as-deposited  and 
annealed  Au/V  composite  films  reveal  a strong  |111|  peak  in  X-ray  diffraction. 

Similarly  as  discussed  in  section  4.I.5..  it  is  suggested  that  gold  films  in  as- 
deposited  Au/V  composite  Elms  have  a (III)  preferred  orientation  parallel  to  the 
substrate  surface.  The  (111)  preferred  orientation  of  gold  is  retained  after 
annealing  regardless  of  the  annealing  temperatures  up  to  500 
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Auger  spuner  profiles  of  aS'deposited 
ud  inoeiled  AiuV  compcsile  fllins: 
<>)  u-deposiled  (b)  300  ”C 

(c)  400  ®C  (d)500  »C 


Figun  4}.  (comiaucil) 


Figure  46,  TrftDsmissioD  eleciroD  micrograpbs  of 


U'dcposued  aud  anuealed  Au/V  composite 
films:  (■>  as-deposiied.  (b)  300  ^C.  (c)  400 
and  (d)  500  «C. 


MEAN  GRAIN  DIAMETER. 
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Figure  47.  Mean  gram  diameters  measured  from 


js-deposiled  and  annealed  Au/V  composite 
films  at  various  temperatures. 
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(111) 

I (200) 


I (220) 

I , , I , 


2d 


Figure  «8.  X-ray  diffraction  paiierns  of  AuA'  composiie  filmj. 

(a)  as-depoaiied 

(b)  annealed  at  500  '’C 

(c)  relauve  X-ray  inienaiuea,  Ihkl/Iui.of 
An  powders  listed  in  ICPDS. 


la  sumnuiy,  (I)  AuA'  coniposilc  nims  rona  hillocks  duriog  uuieiUng  in  air 
which  mainly  consist  of  An;  (2)  V underloys  sondwiched  bclwecn  gold  thin  films 
and  substrate  from  vaaadium  osides  <V20s}  on  the  free  surface  of  gold  and  along 
the  grain  boundaries  of  Ihe  gold  films  during  annealing  in  ain  (3)  The  gold  films  In 
Au/V  composite  films  have  a (111)  preferred  orieniulion  parallel  to  the  substrate 
surface.  The  (111)  preferred  orientation  of  gold  is  retained  after  annealing 
regardless  of  annealing  tempernture. 
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4.4. 1.l.  Surface  Tcpograohy 


Figure  49  shows  typical  SEM  micrographs  of  Au/Ti  composite  Hlms  as- 
deposilcii  and  anncaJed  at  300  400  and  500  for  I hour  in  air.  The 

formation  of  hillocks  arc  observed  which  developed  during  annealing.  As~ 
deposited  Au/Ti  composite  films  show  iitlJe  surface  sinictun:  as  shown  in  Figure 
49a.  As  discussed  in  Section  4.1. 1.1..  the  smooth  surface  of  the  aS'deposited  ftlms  is 
believed  to  be  due  to  the  smooth  surface  of  the  substrate  and  that  of  the  titanium 
underlays  deposited  on  it.  Au/Ti  composite  films  form  hillocks  during  annealing  at 
400  °C  and  500  °C  (Figures  49c  and  49d,  respectively).  In  contrast  to  the  hillocks  in 
Au/V  composite  film  (section  4.3.).  those  in  AuA'i  composite  films  extended  on  the 
surface  of  gold  ftlms  and  presented  well  defined  geometrical  faces  probably 
corresponding  to  a (111)  orientation  of  gold. 

Figure  50a  and  50b  show  tower  magnification  SEM  micrographs  of  Au/Ti 
composite  films  annealed  at  400  °C  and  500  fC  for  1 hour  in  air,  respectively, 
exhibiting  the  distribution  of  hillocks  on  the  surface  of  gold  films.  The  size  and 
density  of  hillocks  do  not  seem  to  be  much  different  between  Au/Ti  composite 
films  annealed  at  400  °C  and  500  °C.  The  size  of  the  hillocks  was  found  to  vary 
between  about  0.1  and  1.0  pm  in  diameter  in  annealed  Au/Ti  composite  films  at 
500  (Figure  50b).  The  number  density  (1/pm^)  of  the  hillocks  was  about  0.32 
(l/pm^l  (2  S.E.  = ±0.16)  and  the  area  fraction  of  the  hillocks  was  about  0.06 
(pm^/pm^)  (2  S.E.  =±0.01)  (Figure  50b).  Figure  51  shows  hillocks  formed  on  the 
surface  of  gold  films  examined  by  scanning  electron  microscopy  for  an  annealed 
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Figure  49.  ScaoDing  electtuD  oiicrogrupbs  of  as*depOBiied 
and  annealed  Au^i  compoaile  filma(60^  tilt); 
(a)  aS'deposiled  (b)  300  'Kl 

(c)  400  »C  {d)  500  »C 


I.OMm 


Fi|u:e  50-  Scanning  clcciron  micrographs  of  annealed 
Au/Ti  composile  films. 

(a)  400  »C  (b)  500  “C 


Figure  51.  Scanning  elaclron  micrograph  of  an  Au/Ti 
composlle  film  arniulcd  ai  5Q0  °C  (90°  till). 


AuA^  composite  films.  The  height  of  the  hillocks  was  observed  to  vary  bctwcco 

about  0.02  and  0.2  |tm. 

4.4. 1.2.  Lateral  Distribution  of  Chemisirv  Near  the  Hillocks 

lit  order  to  study  the  oaturc  of  the  hillocks,  the  regions  surrounding  the 
hillocks  were  examined.  Figure  52  shows  the  Auger  signal  intensities  for  a line  scan 
across  the  ftlm  surface  of  an  AufTi  composite  film  annealed  at  500  °C.  The  probe 
diameter  of  the  scartning  Auger  microprobc  was  about  0.1  pm  for  the  line  scan.  The 
hillock  regions  showed  a pronounced  increase  in  the  gold  signal  while  the  titanium 
signal  and  the  oxygen  signal  was  diminished.  This  suggesis  that  the  hillocks  in 
question  consist  mainly  of  gold. 

Atomic  multiple-point  Auger  analysis  was  performed  both  on  a hillock  and  on 
the  matrix  of  an  AuA'i  composite  Him  annealed  at  500  be  with  the  resulting  Auger 
spectra  shown  in  Ftgure  53.  The  elements  Ti.  0.  Au  snd  C were  evident  both  on  the 
hillock  and  on  the  matrix  (Figure  53a  and  53b,  respectively).  It  is.  however, 
interesting  to  note  that  the  Auger  inicnsily  ratio  of  Au  to  Ti  waa  about  5.2  times 
larger  on  the  hillock  compared  to  in  the  matrix.  This  suppoits  the  result  of  the  line 
scanning  Auger  analysis  in  Figure  52  that  hillocks  mainly  coitsisl  of  gold.  It  is  nol 
certain  that  the  hillocks  are  composed  of  a Iwo-phase  alloy  of  Au  and  TiOg  in  the 
atomic  multiple-point  Auger  analysis.  C peaks  ate  usually  found  on  all  samples 
which  have  been  exposed  lo  almosphcrc  for  any  length  of  lime  before  analysis 
II02-10SI. 

Figure  54a  shows  a TEM  micrograph  of  a stripped  Au/Ti  composite  film 
annealed  at  500  be  by  dissolving  the  quarts  subslraie  ia  49  % HF  solution.  The 
darker  contrast  of  the  hillocks  in  TEM  is  due  to  an  increase  in  ihickness  of  the  Him 
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Figure  52. 


(a)  Scanning  elecimn  micrograph  of 

1 Au/n  composiK  film  annealed  as  500  °C. 

(b)  Auger  signal  Intensmes  for  a line  scan  across 
ibe  surface  indicated  in  <a}. 
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when:  (he  hillocks  are  silusled.  Figure  S4b  shows  over  esposured  TEM  micrograph 
(0  reveal  (he  grain  scruccure  of  (he  gold  Films  below  (he  hillock.  1(  is  seen  (hal  die 
grain  slniclurc  of  gold  is  also  cominued  below  (he  hillocks,  i.e,,  (he  gold  hillocks 
grow  and  lalerally  expand  on  lop  of  (he  gold  films.  Thu.s.  a hillock  experiences 
bo(h.  laleral  expansion  and  grow(h  of  helghi  on  lop  of  gold  film  during  annealing. 
4.4.2.  Formaiion  of  Tiianlum  Oxide  Purine  Annealing 

In  order  lo  idemify  (he  ehcmical  stale  of  (iianium  underlays  in  an  as- 
dcposiicd  AuAI  compoaiic  Films.  AES  spectra  were  taken  after  sputtering  (be  gold 
Films.  The  AES  spectra  were  taken  in  die  pulsed  counting  N(E)  mode  and  then 
differemlaied  using  the  Pcrkin.Elmcr  7000  Computer  System  incorporated  io  the 
PcrkiO'Elmer  PHI  660  Scanning  Auger  Multiprobe.  Figures  SSa  and  SSb  sbow 
Auger  spectra  taken  from  the  titanium  underlays  after  6.9  min.  and  7.6  min. 
sputtering,  respectively.  The  kinetic  enemies  of  Ihe  Ti  LMM  peaks  at  about  3S2.6 
and  3S7.6  eV  are  believed  to  be  those  of  the  metallic  titanium.  Compared  to  383 
and  388  eV  for  mcullic  Ti  in  Auger  Hnnd  Book  |140|.  the  0.6  cV  diffeiencc  of 
kinetic  energies  for  both  peaks  may  result  from  charging  effects.  The  Ti  LMM 
peeks  of  Ti02  nppear  as  one  single  peak  at  about  383  eV  |I4I|.  The  intensity  ratio 
of  Ti  LMM/LMV  transUions  can  be  also  used  for  the  dcleTminatioo  of  chemical 
stales  [140. 


underlays  cause  til 


n during  annealing  in 


performed  on  annealed  AuFTl  composite  films.  Figure  56  depicts  the  XPS  spectrum 
of  Ihe  Ti  2P  peaks  taken  from  the  surface  of  a AuFFi  composite  film  annealed  at 
SOO  °C.  Binding  energies  for  the  Ti  2P|/2  and  2F3/2peaks  were  located  at  464.6  eV 


Figure  55.  AES  spectra  lakeo  from  an  as*deposiied 
Au/Ti  coiuposiie  filai. 

(a)  Tiianluin  underlay  aner  6.9  min.  sputtering 

(b)  Titanum  underlay  after  7.5  min.  sputtering. 
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XPS  spccin  or  the  Ti  2p  peaks  taken  fiom 
the  surface  of  an  Ai/Ti  composite  Him 
annealed  at  500  ^C. 
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and  43S.9  eV,  respccrively.  These  binding  energies  and  Ihe  energy  sepemrion  of 
S.7  cV  bciwccn  Ihe  Iwo  17  2P  peaks  correspond  lo  those  of  Ti02  (I42).  The 
infortnaiion  depth  of  XPS  is  about  10  • 30  A because  of  the  escape  depth  of  the 
electrons  [98|.  Thus,  titanium  underlays  cause  liiaoium  oxide  (TiOg)  to  form  oo  top 
of  gold  films  during  annealing  in  air.  The  Au  signal  on  ihe  surface  (Figure  53) 
suggests  that  titanium  oxide  (TiOg)  docs  not  fona  a complete  film  on  top  of  gold 
films.  This  is  probably  due  to  the  Au  hillocks  formed  on  the  surface  of  the  gold 
films  during  annealing. 

ThermodynamlcaJIy.  one  tvould  expect  that  titanium  would  oxidize  during 
deposition  at  the  base  vacuum  pressure  of  5 x I0~^  Torr.  It  is  shown  in  the 
Richardson's  chart  [20]  (Figure  1)  that  titanium  will  oxidize  in  an  atmosphere  in 
which  the  partial  pressure  of  oxigen  is  larger  than  about  10*'^^  atmosphere  at 
room  temperature.  Thus  titanium  Is  very  likely  to  be  oxidlr,ed  at  a very  low  partial 
pressure  of  oxygen.  However,  a low  slicking  coefneient  of  oxygen  to  the  film 
surface  generally  prevent  the  formation  of  oxide  during  deposition  [74],  It  has 
been  found  that  there  is  a need  for  a very  hi^  ratio  of  oxygen  to  metal  atoms  in 
order  to  form  TiOg  [74,  143).  It  is  therefore  believed  that  a low  slicking  coefficient 
of  oxygen  on  the  thin  film  surface  keeps  titanium  from  being  oxidized  during 
deposition  at  the  base  vacuum  pressure  of  5 x 10'^  Tore. 

Thermodynamically,  TI02  is  likely  to  form  during  annealing  at  experimental 
temperatures  used  in  this  study.  For  the  chemical  reaction.  Ti  + Og  = TiOg.  the 
standard  free  energy  of  formation  (OG  = OH  - T OS)  can  be  calculated  from  the 
thermodynamic  data  (1101.  Assuming  4H(T)  • AH»(298  °K)  and  AS(T)  - 4SO(298  "K) 
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and  using  ihe  values  AH®  = -228.36  kcal-mol‘1  and  AS°=  -44.33  x lO'^  Itcal-K' 

Ibe  siandard  fiee  energy  for  Ihe  formation  of  Ti02  is  given  as 

AG  (kctl)  = -228.36  +44.33  i 10'3  T (°K). 

Since  RTInP02(aim.)  ~ AG  [1U|,  T1O2  will  form  at  SOO  °C  in  an  air  almosphere 
containing  PO2  2 about  atm. 

In  order  to  study  the  change  of  the  chemical  state  of  titanium  throughout  the 
film  thickness,  a series  of  AES  spectra  weie  taken  at  various  sputlering  limes.  The 
AES  speetra  were  token  in  the  pulse  counting  N(E)  mode  and  then  differentiated 
using  the  data  proeessing  computer  incorporated  in  the  Pcrkin-Elmcr  PHI  660 
Scanning  Auger  Multiprobe.  Figuie  52  shows  a series  of  Auger  spectra  taken  from 
an  annealed  Au/Ti  composite  film.  The  lop  four  AES  spectra  were  taken  from  the 
surface  region  of  the  film.  i.e..  on  the  surface  (Figure  57a),  after  0.3  (Figure  57b),  0,9 
(Figure  57c)  and  1,5  (Figure  S7d)  min,  sputtering.  The  bottom  three  AES  spectra 
were  taken  from  the  vanadium  underlay  region  near  the  substrate,  i,e,,  after  9.9 
(Figure  57e).  lOJ  (Figure  570  and  11.1  (Figure  57g)  min.  sputtering. 

It  is  seen  in  Figure  56  (a-d)  that  the  kinetic  energies  nf  the  Ti  LMM  peaks 
appear  at  about  383  cV  near  the  film  surface  of  an  AufTl  composite  film  annealed 
at  SOO  4C.  The  chemical  state  of  titanium  oside  formed  during  annealing  in  air  was 
identified  as  TiOg  in  XPS  spectra  [Figure  56).  Thus  the  Auger  spectra  near  the  film 
surface  in  Figure  57  (a-d)  arc  believed  to  be  those  of  titanium  oxide  (T1O2)  formed 
during  annealing  in  air. 

It  is  not  clear  whether  Ihe  tvro  peaks  at  about  38IJ  and  386  eV  in  Figure  57 
(e-g)  reveal  that  titanium  underlays  react  with  Si02  and  form  titanium  silicide  and 


Figure  ST.  AES  jpecrra,  dN/dE,  taken  from  an  Au/Ti 
composite  film  annealed  at  500  ^C. 

(a)  bcroie  apuiicriitg 

(b)  after  0.3  min.  sputtering 

(c)  after  0.9  min.  sputtering 

(d)  after  1.5  min.  sputtering 
11.  near  substrate 

(e)  afler  9.9  min.  sputtering 
(0  after  10.5  min.  .sputtering 
(g)  after  II.)  min.  sputtering 
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lilanium  oxide  during  annealing  al  SOO  in  air  because  of  Uie  higb  noise  level  near 
ihc  quanz  subsiralc. 

Titanium  has  been  reponed  to  react  with  SiO^  and  to  form  titanium  silicide 
and  titanium  oxide  during  annealing  in  cases  in  which  external  oxygen  is  absent 
(e.g..  high  vacuum)  |)7,  136).  This  is,  as  discussed  in  Section  4.3.2..  known  due  to 
the  negative  heal  of  reaction  (4H)  for  this  chemical  reaction.  Funhcnnorc.  it  is 
noted  in  the  Richardson's  chart  |20|  thal  Ti  has  stronger  tendency  towards  oxidation 
than  Si  {Figure  1).  It  is  possible  that  Ti  from  the  underlay  might  be  reacted  with 
the  Si02  substrate  during  annealing  even  in  air  and  form  litoniuro  silicide  and 


The  overall  composition  of  titanium  in  An/  Ti  composite  films  was  about  3.7 
wt.3h  Ti  in  this  study.  Reference  to  the  phase  diagram  [144)  shows  thal  the 
solubility  of  Ti  in  Au  at  SOO  dC  is  less  than  1.0  iwL%.  It  is  however  believed  that 
lilanium  underlays  mainly  form  lilanium  oxide  fTi02)  on  the  free  surface  of  gold 
and  along  the  grain  boundaries  of  gold  films  during  annealing  in  air, 

4.4J.  Distribution  of  Titanium  Throunhoul  Ihe  Film 

Auger  dcplh-composiiion  prorile.1  were  made  by  argon  ion  sputtering  with 
computer  controlled  alternating  sputtering  and  data  taking  cycles.  The  resulting 
profiles  arc  presented  in  terms  of  atomic  concentration  versus  sputter  etching  tim 


(Figure  58).  Auger  depth  profiles  of 


interface  between  the  gold  film  and  l 
composile  film  (Figure  5Sa).  High  coi 
film  surface  were,  however,  observed 


s.dcposiicd  and  annealed  AuAT  composite 

: quartz  substrate  in  the  as'dcposiicd  AufTi 
enirations  of  titanium  and  oxygen  on  the 
>r  all  chosen  annealing  temperatures 
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Figure  58.  Auger  puller  profilu  of  os-dcposiied 
and  annealed  Au/Ti  compo.sile  niias: 
(a)  aS'depoailed  (b)  300  ^ 

(d)  400  "C  (d«00  ®C 
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Figure  58.  (cominued) 
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(Figures  S8b,  58c,  and  58d|.  which  supports  the  concept  of  oul'diffusion  of  the 
titanium  from  the  underlays  and  the  formation  of  a titanium  oxide  (Ti02)  on  the 
free  surface  of  gold  during  annealing  in  air.  Thus  the  oxidation  might  be  the 
driving  force  for  the  out'diffusion  of  the  titanium  underlays  during  annealing  in  air 
as  discussed  in  Section  4,1.3. 

Figure  59  depicts  the  grain  structure  of  as*dcpositcd  and  annealed  AuA3 
composite  Aims  cxainined  by  TEM.  The  as'deposilcd  Au/Ti  composite  Alma 
revealed  an  uniform  and  Anc-groined  poiycrystalline  structure  with  a mean  grain 
diameter  of  about  1000  A (Figure  59a).  The  annealed  Au/Ti  composite  Alms 
showed  little  grain  growth  in  gold  vrhen  annealed  at  300  400  OC,  and  500 

(Figures  59b.  S9c,  and  S9d,  lespcctivcly).  The  change  in  the  mean  grain  diameter 
as  a function  of  temperature  is  shown  in  Figure  60.  It  is  apparent  that  Ti  underlays 
which  have  a strong  tendency  towards  oxidation  prevent  the  grain  growth  of  gold 
during  annealing  in  air. 

4.4.5.  Fiber  Texture  (Preferred  Orientation)  of  Gold 

X-ray  diffraction  patterns  of  at-deposiled  and  Au/Ti  composite  Alms  annealed 
at  500  OC  arc  shown  in  Figure  61a  and  61b.  respectively.  Figure  61c  shows  the 
relative  X-ray  intensities,  Ihkl/llll<  of  >hc  randomly  oriented  gold  powders  which 
are  listed  in  JCPDS  (Jointed  Committee  of  Powder  Diffraction  Standard).  Both  as- 
deposited  and  annealed  Au/Ti  composite  Alms  revealed  a strong  (111)  peak  io  X- 
ray  diffractions. 

As  discussed  in  Section  4,1.5.,  it  is  suggested  that  the  gold  Alms  in  as- 
deposited  Au/Ti  composite  Alms  have  a (111)  prcfcrTcd  cricniaiion  parallel  to  the 
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Figure  39.  Transmission  eieciron  micrcBmpbs  of 

aS'dcpDsiicd  and  annaakd  Au/Ti  composite 
films:  (a)  as-deposiied.  (U  300  °C.  (c)  400  °C 
and  (d)  500  °C. 
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Mean  grain  diameiers  measured  from 
transmission  elcciron  micrographs  of 
as-deposited  and  aooeaied  Au/Ti  composite 
films  at  various  temperatures. 


(a)  1- 


le 


|‘  I (220)  ^^^22: 


Figure  61.  X-ray  dirfrocuon  paiiems  of  Au/Ti  composite  nims. 
(i)  u-deposiied 

(b)  aonealed  at  500 

(c)  relative  X-ray  iiuenslUes.  Ihkl/f|ll.of 
Au  powdeia  listed  in  JCPDS. 
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subsiraie  inirface,  and  ihe  (111)  preferred  oricnleilon  of  gold  is  relaincd  after 
annealing  regardless  of  the  annealing  icmperaiures  up  lo  500  °C. 

It  is  concluded  iJiai  (I)  Au/Ti  composite  films  form  hillocks  during  annealing 
in  air  which  mainly  consist  of  Au;  <2)Ti  underlays  sandwiched  between  gold  Ihio 
films  and  substrate  form  oxides  (Ti02)  on  the  free  surface  and  along  the  grain 
boundaries  of  the  gold  films  during  annealing  in  sin  (3)  Ti  underlays  which  have  a 
strong  tendency  towards  oxidation  ptevcni  grain  growth  of  gold  during  annealing 
in  air.  This  is  ioleipceled  to  be  caused  by  a capping  of  the  gold  surface  and  pinning 
the  grain  boundaries  of  the  gold  films  by  the  oxide;  (4)  llie  gold  films  in  as* 
deposited  AufTi  composite  films  have  a (111)  preferred  orientation  parallel  to  the 
substrate.  The  (111)  preferred  orientation  of  gold  is  retained  after  annealing 
regardless  of  the  annealing  tempcralurc. 
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4.5  Summary 

4.5.1.  CsidfiS 

Cu*.  Sn>,  V*.  and  H-  undcHaya  aandwiclied  between  gold  lAin  Tilms  and 
aubsiraie  form  oxidea  (CuO,  SnC>2,  VjOj  and  TiO;,  tespecUvely)  on  Ihe  free  surface  of 
gold  and  in  the  grain  bouitdary  region  of  the  gold  rilma  during  annealing  in  air. 
Thermodynamically,  one  expects  that  all  of  these  underlays  will  oxidise  during 
deposition  at  the  base  vacuum  piensute  of  5x10*^  Torr.  ll  is,  however,  believed 
that  these  underlays  in  as*deposiled  gold  composite  films  remain  in  metallic  form 
because  of  a low  slicking  coefficient  of  oxygen  to  the  thin  film  surface  during 
deposition. 

As-deposited  Au/Sn  composite  films  form  a thin  tin  oxide  layer  on  the  free 
surface  of  gold  without  annealing,  that  is.  during  30  days  storage  at  room 
temperature.  This  is  believed  to  result  from  grain  boundary  diffusion  of  tin 


Figure  62  shown  the  changes  in  the  mean  grain  diameters  of  as-deposiled  and 
annealed  gold  composite  films  as  a function  of  icmpcraiure.  It  is  seen  that  Ti 
underlays  which  have  a strong  tendency  lowards  oiidaiion  are  most  suited  for  Ihe 
prevenlion  of  grain  growth  of  gold  during  annealing  in  air,  while  Cu  underlays 
which  hove  a small  tendency  towards  oxidation  do  not  prevent  grain  growth  of  gold 
during  annealing  in  air.  The  oxides  which  formed  during  annealing  reduce  in  most 
cases  Ihe  tendency  lowards  growth  of  the  gold  grains.  This  is  interpreted  to  be 
caused  by  a capping  of  the  gold  surface  and  by  pinning  the  grain  boundaries  of  the 


gold  films  by 
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Figure  62.  Mean  grain  diameicni  measured  froni  iransinissioa 
eleciron  micrographs  of  as-deposiled  and  annealed 
Au/Cu.  Au/Sn.  Au/V  and  Au/Ti  composite  filma 
at  various  lemperaiures.  * ffrom  ref.  10] 


4.S.3.  Surface  Topography 


Figure  63  shows  s summary  of  SEM  micrographs  of  Au/Cu.  Au/Sn.  Au/V.  and 
Au/n  composile  films  annealed  ai  SOO  for  1 hour  in  air  demonslrating  ihe 
cffccis  of  Cu-,  SO'.  V'.  and  Ti>  underlays  on  the  stability  of  gold  thin  films  during 
isothermal  annealing  in  air. 

The  following  conclusions  can  be  made  that  (1)  Au/Cu  composile  films  form 
holes  in  the  gold  films  during  annealing  in  air  The  holes  in  Au/Cu  composite  films 
are  partially  filled  with  copper  oxide  (CuO):  (2)  Au/Sn  composite  films  form  neither 
hillocks  nor  holes  during  annealing  in  air.  Au/Sn  composite  films  show  a rough 
surface  structure  in  both  as-deposited  and  annealed  composile  films  results  from 
the  rough  surface  structure  of  the  Sn  underlays.  This  observation  is  similar  to  that 
found  for  Au/ln  composite  films  [10|t  (3)  Au/V  and  Au/Ti  composite  films  form 


hillocks  during  annealing  in  air  which  mainly  consist  of  Au, 

4.5.4.  Film  Texture  fPreferred  Orienlslionl 

Figure  64  shows  X-ray  diffmetion  patients  of  as-deposited  Au/Cu,  Au/V. 
Au/Ti,  and  Au/Sn  composite  films.  The  difference  of  the  film  texture  is  evident  in 
the  X-ray  diffmclion  paltcm  of  as-dcposilcd  Au/Sn  compared  to  that  of  the  other 
composite  films.  As  has  been  previously  shown,  the  film  texture  of  as-deposiled 
Au/Cu.  Au/Sn,  Au/V  and  Au/Ti  composite  lilm  arc  retained  after  annealing 
regardless  of  the  annealing  temperature  up  to  SOO  °C. 

it  is  concluded  that  (I)  gold  films  in  as-dcposilcd  Au/Cu.  Au/V  and  Au/Ti 
composile  films  have  a (111)  preferred  oricnlalion  parallel  to  die  aubsimie  surface. 
The  (111)  preferred  oricnlalion  of  gold  Is  retained  after  annealing  regardless  of  ibc 
annealing  lemperaiurc;  (2)  In  conlrasi,  ihe  gold  films  in  ts-dcposiicd  Au/Sn  have  a 
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Figure  54.  X-ray  diffrociion  paiicms  of  as-deposited 
gold  coruposiie  films. 

(a)  AuKa  composile  films 

(b)  Au/V  composjlc  films 

(c)  Au/n  composite  films 

(d)  Au/Sn  composite  films 


Figure  64,  ('coniinueii) 


random  orieiuaiion  wlih  a alighlly  slrongcr  (200)  orientation  parallel  to  the 
aubslraie.  The  nuidom  orieiuaiion  of  gold  is  retained  after  annealing  regardless  of 
the  annealing  temperature. 

4.5J.  Evolution  of  Microsimcture 

deposited  and  in  annealed  Au/Cu,  Au/Sn,  Au/V  and  Au/Ti  composite  films.  Figure 
6S  schematically  depicts  the  evolution  of  microstructurc  io  Au/Cu,  Au/Sn,  Au/V 
and  Au/Ti  composite  films  during  annealing  in  air.  It  visualiacs  the  erfccis  of  Cu*. 

annealing  in  air  by  comparing  the  microstructurcs  of  the  as'deposited  Au/Cu, 
Au/Sn.  Au/V  and  Au/Ti  composite  films  with  those  of  the  composite  films  anocaled 
at  SOO  °C  for  1 hour  In  air. 

This  demonstrates  the  effects  of  metal  underlays  on  the  stability  of  gold 
metalliaalions  in  microelctronic  circuits.  These  effects  may  cause  failures  during 
fabrication  and  during  operation  of  a device. 
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Tbe  Evolution  of  Microstructure 


SnOj^ 

— -vrr~Yi 


tmf^ 

sUBsn 


AuH^ecK^  r 


ixxxn 

8UBSTTIATE 


(a)  As'deposued 


(b)  Annealed  at 


500  “C.  1 hour 


Fi^re  65  Tbe  evolution  of  microsiruciure  in  gold  composiie  films 
during  annealing  in  air. 


CHAPTERS 

FURTHH?  DISCUSSIONS 

5.1.  Formalion  of  Holes  and  Hil1cx:ks  in  Oold  Cnmnosile  Filma 

The  fonnaiion  of  holes  and  hilloeks  during  annealing  has  been  reponed  in 
various  thin  films  under  a wide  range  of  condition,  h goes  without  saying  that 
boles  and  hillocks  arc  detrimental  during  the  performance  of  a microelectronic 
device  causing  clccirica]  open.s  and  shoos  in  integrated  circuits.  It  is  suggested 
from  the  present  annealing  study  that  the  following  factors  may  be  critical  for  the 
rcliabilty  of  gold  metallizations  in  microelectronic  devices. 

5.1.1.  Thermal  Stress  in  Gold.films  Induced  by  Metal  Underlays  Purine  Anncaline 
The  mechanisms  of  hole  and  hillock  formalion  in  gold  composite  films  with 

rising  temperatures  are  probably  very  complex  because  of  the  multilayer  film 
geometry  and.  beeau.se  of  the  out-diffusion  of  the  underlay  metaJs  which 
eontinuousiy  change  the  film  geometry  and  composition  during  annealing.  One  of 
the  mechanisms  which  might  contribute  to  hole  and  hillock  formation  is  Ihermal 
stress.  This  will  be  discussed  at  first.  Thermal  stress  can  he  introduced  by  the 
difference  in  the  thermal  eapansion  coefneiems  between  gold  and  underlay  metals. 
For  the  following  discussion  we  ossume:  (a)  that  the  underlay  and  the  gold  film 
have  an  equal  shape;  fb)  a biaxial  (two  dimensional)  system  of  stress  in  the  films; 
(C)  that  an  equal  amount  of  stress  in  the  x and  y direction  is  applied;  <d)  that  the 
isotropic  elasticity  theory  is  valid;  (e)  that  the  films  are  sirongly  bonded  to  each 
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oiher  at  their  common  imerfacc;  (0  for  the  time  being  the  imeraciions  between 
metal  titiderlay  and  the  SiOz  subairaic  are  neglected,  'niin  can  be  done  when  the 
underlay  metals  do  not  adhere  well  to  the  substrates.  Indeed,  our  eaperiraents 
have  shown  that  when  a self-sticking  tape  is  shortly  pressed  on  a Au/Cu  composite 
film  which  was  deposited  on  a quartz  glass  substrate,  both  metal  films  can  be  easily 
and  simultaneously  lifted  off  from  the  substrate  when  removing  the  tape.  This 
removal  of  the  composite  metal  film  is  even  more  complete  after  annealing  which 
suggests  a weak  adhesion  between  the  metal  films  and  the  substrate. 

As  has  been  derived  in  Chapter  2.  the  thermal  stress.  Oih.  in  a gold  film  during 
annealing  is  given  by 

Oih=  {EtEMAI-V)(Ef-l-EM))(ar-aMKTa.T5) 

Em  ~ the  Young's  modulus  of  the  underlay  metal 
V = the  Poisson's  ratio 

afw  the  thermal  espansion  cocrficicnts  of  the  gold  film 
CCM  = the  thermal  expansion  coefficients  of  the  underlay  metal 
Ta  — the  annealing  temperature 
Ts  - the  substrate  temeprature  during  deposition. 

Table  5 gives  thermal  expansion  coefficients.  Young's  moduli  and  some  other 
physical  constants  of  the  materials  used  in  this  study,  taken  from  several  sources 
(145-149].  For  many  materials  ihc  Poisson's  ratio  (V)  can  be  taken  to  be  0.25  (ISO). 
Using  these  values  and  assuming  Ihe  substrate  temperature  during  deposition  Ts  = 
45  bC  (90],  then  the  thermal  stress  during  annealing  al  500  can  be  calculated  by 


equation.  Table  6 


the  colculalcd  thcimai 
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Table  5.  PhysicaJ  consianu  of  selected  nuienals  (from  ref.  U4S>149I). 


Material 

r- 

Weight 

(g/cm 
at  20  °C 

Melting 

Young's 

Modulus 

(10‘  psi) 

al25”C 

Thermal 

Eap. 

Cocff. 

(10 -6' ’CO 

AO 

79 

197.0 

,063 

.... 

Co 

29 

8.96 

1083 

I. 

16.3 

Sr 

SO 

US.70 

7.30 

231.9 

6 

23 

114.82 

33 

V 

23 

30.94 

6.1 

1900 

,9 

8.3 

Ti 

22 

47.90 

16.8 

8.41 

SO. 

„ 
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Calculated  ihemal  stress  in  gold  Ulms  induced  by 
metal  underlays  during  annealing  at  500  assuming 
tbat  (a)  the  underlays  and  the  gold  film  have  an  equal 
shape  and  an  equal  thickness  and  (b)  the  interactions 
between  the  metal  underlay  and  the  SI02  substrate  are 
neglected. 

Oih  = { EAuEmetal/(l-v)(Eii,  -f  Emeui)  ) (“metal  • “Aul  (Ts-Ta) 


Gold  Composite 

Thermal  Stress.  t^|^(IO  psi),  in  Cold 

Au/Cu 

1.0  (leiuile  stress) 

..,s. 

2.1  (tensile  suess) 

Au/V 

■2.6  [compresstve  sues.) 

•2.4  (compressive  stress) 

induced  by  the  differem  thermal  cipansion  cocfTicicma  between  gold  and  the 
underlay  mculs.  A poaiiivc  value  tor  <7^  corresponda  to  a tensile  stress  in  the  gold 
nim.  The  calculated  thermal  stress  in  gold  films  is  much  larger  than  the  yield 
strength  of  gold,  Oy.Au  ^ 3.0  x 10^  psi  (151).  It  is  thus  not  unreasonable  to  consider 
that  gold  films  may  deform  plastically  for  stress  relaxation  resulting  in  the 
formation  of  holes  or  hilllocks. 

As  staled  in  Chapter  2,  a diffusion-induced  flow  of  mailer  may  be  caused  by  a 
concenlrstion  gradient  of  vacancies  between  diffcrcmly  stressed  boundaries  in  a 
polycrystoilinc  solid  [3S-37).  In  Ihc  absence  of  ptessure  gradients  the  flux  of 
atoms,  due  to  the  migration  of  lallicc  vacancies  or  inlerstilial  atoms,  will  be 
proportional  to  the  gradient  of  the  concentration  of  these  lattice  defecu.  In  the 
presence  of  pressure  gradients,  however,  it  lends  to  be  energetically  advontageous 


pressure  [35|.  The  alom  Row  will  be  opposile  lo  the  vacancy  Row  causing  the 
grains  lo  elongate  in  the  direction  of  tensile  stress. 

In  Ihin  films  under  biaxial  stress,  this  conccnlralion  gradient  is  present 
between  grain  boundaries  paraJIcl  and  perpendicular  to  the  free  surface  (25). 

Figure  66  schematically  shows  the  mass  transport  in  gold  Rims  by  thermal  stress 
induced  by  the  difference  in  thermal  expansion  coefficicnls  between  gold  and  an 
underlay  metal  during  annealing.  <Aa  above,  the  inRucnce  of  the  substrate  is 
neglected.)  The  mass  transport  occurs  from  the  free  surface  into  the  interior  of  the 
gold  films  for  tensile  stress  and  it  occurs  from  the  interior  onto  the  free  surface  of 
the  gold  films  for  a compressive  stress  resulling  in  the  formation  of  holes  (or 


grooves)  and  hillocks  in  gold  films,  respectively. 
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In  Au/Cu  composilc  films,  tfie  difference  in  ifiermal  expansion  coefTicienis 

Table  6.  Ii  is  Uius  expected  lhal  the  mass  transport  in  gold  films  occurs  from  the 
free  surface  into  the  interior  of  gold  films  resulting  in  the  formation  of  holes  in  gold 
ftlms  as  shown  in  Figure  66a 

In  Au/V  and  Au/Ti  composite  films,  however,  the  difference  in  thermal 
expansion  coefficients  between  gold  and  underlay  metals  (vanadium  and  titanium, 
respectively)  results  in  a compressive  stress  during  annealing  as  shown  in  Table  6. 
Thus  the  mass  transpon  in  gold  films  is  cipcclcd  id  occur  from  Ihc  inierior  onto  iJie 
free  surface  of  gold  films  possibly  resulling  In  ihc  formation  of  hillocks  on  die  free 
surface  of  gold  films  as  shown  in  Figure  66b. 

By  inspcciing  Table  S,  it  is  noticed  that  the  expansion  coefficients  of  V,  Ti,  nnd 
S1O2  are  ail  smaller  than  that  of  Au.  Consequently,  Ihc  influence  of  stress  of  V and 
Ti  on  Ihc  gold  film  is  in  the  snme  direction  as  that  of  the  SlOg  substrate 
(compressive]  irrespective  of  the  adhesion  of  V and  Ti  on  SiOg  (which  is  actually 

These  considcniiions  correspond  10  the  cxpcrimcnial  findings  reponed  io 
Chapter  4,  It  is  thus  believed  diat  the  rormatioR  of  holes  io  Au/Cu  composite  films 
and  Ihe  formation  of  hillocks  in  Au/V  and  Au/H  composite  films  ore  al  least  In  part 
associated  with  a stress  relaxation  phenomenon.  Tensile  stress  in  gold  films 
promotes  the  formation  of  holes,  while  compressive  stress  causes  hillocks  during 
annealing. 

It  should  be  noted  dur  when  the  films  arc  compleicly  bonded  to  the 
substrate,  the  thermal  expansion  coefficient  of  the  SiOg  substrate  is  dominant  for 
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ihe  Uiennany  induced  slre&s  in  the  films  trrespcclivc  of  die  expamsion  coefficienl 
of  die  underlay.  This  would  resuli  in  a compressive  sircss  in  gold  films  during 
annealing  for  all  types  of  underlays.  However,  it  has  been  reponed  Ihoi  Ihc  noble 
mclats,  silver,  copper,  gold,  do  nol  adhere  well  to  SiOg  and  lend  to  ball  up  during 
annealing  [17].  This  observation  has  been  used  in  die  above  mentioned 
eonaideraiions. 

It  is  interesting  to  note  in  this  contest  that  n tensile  stress  in  Au/Sn  composite 
films  (Table  6)  would  predict  the  formation  of  holes  in  gold  films  as  in  Au/Cu 
composite  films.  However.  Au/Sn  composite  films  form  neither  hillocks  nor  holes 
during  annealing  in  air.  This  is  believed  to  be  due  to  the  following  characteristics 
of  Au/Sn  composite  films:  (a)  as*dcposilcd  Au/Sn  composite  films  form  already  a 
thin  tin  oxide  layer  on  the  free  surface  of  gold  without  annealing;  (b)  (he  Au/Sn 
composite  films  show  a rough  surface  siruclure  in  both,  as-deposhed  and  in 
annealed  composite  films,  which  results  from  the  rough  surface  structure  of  the  Sn 
underlays.  The  beneficial  effccls  of  surface  oside  layer  and  rough  aurfacc  structure 
on  the  stability  of  gold  thin  films  have  been  also  observed  in  Au/In  gold  composite 
films  (3,  10|. 

5.1.2.  Volume  Change  due  to  the  Formaiioit  of  Oxides  of  the  Underlay  Metals 

As  previously  discussed  in  Chapter  4,  Cu-,  Sn..  V-  and  Ti  underlays 
sandwiched  between  gold  thin  films  and  substrate  form  oxides  (CuO.  Sn02.  VyOy  and 

gold  films  during  annealing  in  air. 

The  formation  of  oxides  is  concomitant  with  a volume  increase  during 
annealing  in  air.  Assuming  that  a metal  underlay  of  130  A thickness  has  been 
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compicicly  oxidized  uid  formed  an  oxide  layer.  Ihc  tiiickness  of  die  oxide  layer  per 
unit  area  can  be  esrimaied  by  [152) 
lox  = A (dM/<lo,XW„/WM)  X IM 

where  lox  = thickness  of  the  oxide;  d^,  dox  — density  of  the  underlay  metaJ  and  its 
oxide,  respectiveiy;  Wm.  Wqx  - molecular  weight  of  the  metal  underlay  and  its 
oxide,  respcctiveiy;  and  A=  I for  the  ehcmical  leaciions;  (1)  Cu  -H/2  O2  — CuO;  <2) 
Sn+02  = Sn02;  (3>n  +O2  = Ti02.  and  A=l/2  for  the  chemical  reacuon:  2V+5/202  = 
V2O5.  Tabic  7 shows  the  increase  of  the  thickness  per  unit  area  due  to  the 
formation  of  oxides  calculated  by  the  above  equation. 

There  may  be  a eoirelaiion  between  the  volume  increase  due  to  the  formation 
of  oxides  and  the  volume  of  hillocks  formed  on  the  free  surface  of  gold  rilms  in 
Au/V  and  Au/Ti  composite  films  during  annealing  in  ait.  Table  S shows  some 
characteristics  of  hillocks  observed  in  Au/V  and  Au/Ti  composite  films  during 
annealing  in  air.  About  77%  of  the  film  surface  was  covered  with  "columar"  hillocks 
in  Au/V  composite  films  annealed  at  500  while  about  6%  of  the  nim  surface  was 
covered  with  ’’plale"  hilloeks  in  Au/Ti  composite  films  annealed  at  500  °C.  The 
average  height  of  hillocks  was  about  200  A in  Au/V  and  about  1400  A and  Au/Ti 
composite  films.  In  other  words  a small  hillock  height  goes  concomitant  with  large 
area  fraction  (and  vice  versa). 

Let  us  consider  a circular  cell  of  gold  lilms  as  shown  in  Figure  67.  Lei  the 
unit  area  of  gold  film  (A)  s 1 = IQk  A^, 

thickness  of  gold  nimfl)  = 750  A,  and 
volume  of  gold  film  (V)  = An  = 7.5  x I0‘“  A^. 
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Table  7.  Increase  of  iJie  ihickoess  due  lo  ihe  formalioR  of  oxides. 

lax  - A(dM/dax)(WM/Wo]i)  x im.  assuming  lhal  ail  ihe  underlay 
meials  have  been  complelely  oxidized. 


Chemical  Reiciions 

Tiuclaiess  per  unll  area  (A) 

CufiaO,-  CuO 

130  (Cu)  > 220  (CuO) 

Su*  Oj.SoOj 

130  (Sn)  -— > 270  (SnOj) 

2V*5/20i-Vj05 

130  (V)  — 320  (VjO5) 

Ti*  Oj-TiOj 

130  (Ti)  > 230  mo,) 
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Figure  67,  Volume  ot  hillocks  formed  on  the  suifnce 
concomitan:  decrease  In  nim  ihlckness. 
(a>  Au/V  ccmposile  films 
(W  Au/Ti  composiie  films 
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Taking  the  values  in  Table  8,  the  volume  of  hillocks  (V')  formed  on  the  free 
surface  of  gold  films,  the  total  volume  of  the  system  (Vt),  and  the  thickness  Of  the 
gold  films  (!')  after  the  formaiioo  of  hillocks  during  annealing  is  given  by 
(a)  AufV  composite  films 

V = Aa*  h - ISO  X 10*  {A3| 

where  Aa  - area  fraction  of  hillocks  and 
h = average  height  of  hillocks, 

V,»  A'f  ♦ Aa-h  - (!'  » 150)  x 10*  (A*),  and 

V = V,  - 750  X 10  * (A3>.  ,-,  f . 600  (A). 

<b)  AufTi  composite  films 

V = Aa  • h - 80  X 10*  (A^), 

v,=  A-f  * Aa*h  < (t'  ♦ 80)  X 10*  (A*),  and 

V = V,  - 750  I 10  * (A*>,  ,-,  f - 670  A, 

Assuming  a conscrvaiion  of  total  volume  of  the  system  yields  V=V',  Thus  ihe 
thickness  of  the  gold  films,  will  decrease  and  becomes  i'  > 600  A due  10  the 
formation  of  hillocks  on  the  free  surface  of  gold  films  in  Au/V  composiie  films 
annealed  at  500  ^C,  Similarly,  t*  is  670  A for  annealed  AufTi  films. 

The  decrease  in  thicknnss  of  the  gold  films  (Ik  = l-I')  will  be  150  A and  80  A in 
Au/V  and  Au/Ti  composite  films,  respeefivdy.  This  is  due  lo  the  foimailon  of 
hillocks  on  the  surface  of  the  gold  films  dunng  annealing.  Thus  Ibe  total  volume  of 
hillocks  (V')  are  150  x 10*(A*)  and  80  x 10*fA*)  in  Au/V  and  Au/Ti  composite 
nims,  respectively. 

From  Table  7.  the  volume  increase,  Vg^j^Q*  Vg,g,g|.  doc  lo  the  formation  of 
oxides  of  the  underlay  metals  will  become  ihcoreiically  about  190  x 10*  (A^)  and 
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100  I 10^  (A^)  per  luiii  area  (I  = 10^  A^)  in  Au/V  and  Au/Ti  composiie  films, 
reapeclively. 

Compared  lo  Au/Cu  and  Aa/Sn  composirc  films.  Au/V  and  AuA7  compoBitc 
films  are  believed  lo  form  a subslaniial  amouni  of  oxides  of  underlay  metals  along 
the  grain  boundaries  of  the  gold  films  during  annealing  os  shown  in  Figure  68. 
Assuming  that  all  oxides  fonn  along  the  gold  grain  boundaries  in  Au/V  and  Au/Ti 

on  the  surface  of  the  gold  films  beeomes  approx.  804  of  the  volume  inereasc, 

and  Au/Ti  composite  films. 

Thus  Ihc  ioisl  volume  of  hillocks  formed  on  Ihe  surface  of  gold  films  is 
proportional  to  the  volume  increase  of  the  oxides  of  the  underlay  rnetsis  which 
form  along  the  groin  boundaries  of  the  gold  films.  This  suggests  that  the  volume 
increase  due  10  the  formation  of  the  internal  oxides  of  the  underlay  metals  can  be  a 
possible  force  for  the  growth  of  hillocks  during  annealing. 

5.1.3.  Surface  Energy 

Another  mechanism  for  hole  formation  lo  gold  films  is  through  capillarity 
forces.  This  will  be  explored  now.  Previous  work  (10)  has  shown  that  pure  gold 
films  form  grain  boundary  grooves  (also  called  thermal  grooves)  during  annealing. 
Thermal  grooving  is  caused  by  a mass  transport  due  to  an  Imbalance  of  surface 
tension  where  grain  boundaries  meet  Ihe  free  surface  (3*5,  101.  It  was  suggested 
by  Sroloviiz  el  al.  [40]  that  Ihe  ratio  of  hole  diamcicr  to  the  mean  grain  diameter, 
p=do/D,  must  be  greater  than  p„u,.  = (Vf  - O / (I  • f)  where  T = 3Tgb/2mrv  (Tgh  = 
grain  boundary  energy  and  Tv  = film  surface  energy). 
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According  lo  die  imcrfacial  free  energy  dale  [153).  the  average  valued  of  yg^ 
and  Yv  for  gold  can  be  obtained  by 
Ygb  (J/o>^)  = -10  a 10-<T  + 0.478, 

Y,  (i/m2)  = .4.3  a 10-«T  + 1.830. 

The  mean  grain  diameter  of  gold  in  Au/Cu  composite  films  annealed  at  500  oc  is 
about  4000  A (Chapter  4). 

Using  the  values  of  D=4000  A,  Ygb=0.428  and  Yv=!.6IS  J/m^  for  gold  at 
500  °C.  r is  0.13  and  therefore  Pnln.  becomes  0.27.  The  surface  energy  argument 
thus  predicts  that  the  hole  size  in  annealed  gold  films  should  be  larger  than  0.1  pm 
in  diameter  when  the  mean  grain  diameter  of  gold  is  4(XX)A.  The  hole  sires  were 
experimentally  found  to  vary  between  0.2  and  1.5  pm  in  diameter  when  Au/Cu 
composite  ftlms  were  annealed  at  500  for  I hour  in  air  (Chapter  4).  This 
suggests  that  capillarity  force  (surface  tension)  may  also  contribute  to  the 
formation  and  growth  of  holes  in  Au/Cu  composite  films  during  annealing. 

5.1.4.  Oxidation  Tendency  of  the  Underlay  Metals 

Figure  69  shows  the  oxidation  tendency  of  selected  materials  (Richardson's 
Diagram)  and  SEM  micrographs  of  Au/Cu,  Au/Sn,  Au/V  and  AuAI  composite  films 
annealed  at  500  °C.  It  Is  noted  ihtii  (1)  Au/Cu  (and  also  Au/Ni  (13-14))  composite 
films  (small  oxidalion  tendency  of  the  underlay  metal)  form  holes;  (2)  Au/Sii  (and 
also  Au/ln  [3.10))  composite  films  (moderate  oxidalion  tendency  of  the  underlay 
metal)  form  a rough  surface  slrucium  and  form  neither  holes  nor  hillocks;  (3)  Au/V 
and  Aii/Ti  composite  films  (strong  oxidalion  tendency  of  the  underlay  metal)  form 
hillocks  during  annealing  in  air. 


This  may  suggest  that  the  oxidailoR  tendency  of  the  underlay  metals  influence 
the  stability  of  gold  thin  films  during  annealing  in  air.  The  underlay  metals  which 
have  a strong  tendency  towards  oxidation  arc  likely  to  form  internal  oxides  along 
the  grain  boundaries  of  the  gold  films  during  annealing.  The  formation  of  oxides  is 


turn  causes  extrusions  of  gold  atoms  resulting  io  the  formation  of  hillocks  oo  the 
free  surface  of  the  gold  films. 

The  underlay  metals  which  have  a small  tendency  towards  oxidation  mainly 
fomi  surface  oxides  on  top  of  the  gold  films  during  annealing.  In  this  case,  the  gold 
films  may  form  holes  in  gold  films  by  capillarity  (surface  tension)  force  during 
annealing.  The  underlay  metals  which  have  a moderate  oxidation  tendency 
towards  oxidation  form  neither  holes  nor  hillocks  and  form  a rough  surface 
sicuciuce. 

In  summary,  (1)  Tensile  stress  in  gold  films  promotes  the  ouclcation  of  hole 
formation  In  Au/Cu  composile  films,  while  compressive  stress  causes  hillocks  in 
AuA'  and  Au/Ti  composile  films  during  annealing;  (2)  Capillarity  (surface  tension) 
may  be  a second  force  for  the  growth  of  holes  in  Au/Cu  composile  lllms  during 
annealing;  (3)  The  volume  increase  due  to  the  formation  of  the  inicmal  oxides  of 
the  underlay  metals  may  contribute  to  the  growth  of  hillocks  in  Au/V  and  Au/Ti 
composile  films  during  annealing, 

Ii  is  this  interplay  between  simss  (caused  by  the  mismatch  of  thermal 
expansion  coefncicnis).  caplllarily  forces,  and  oxidalion  behavior  of  the  underlay 
mclals  what  causes  the  variety  of  experimental  observations  reported  in  this  sludy. 
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h is  concluded  from  Uiesc  results  that  the  following  factors  of  metal  underlays 
may  be  critical  for  tbe  stability  of  gold  tbin  films  during  isotbermal  annealing  in  air. 

A.  Oiidaiion  tendency  of  octal  underlays 

B.  Tbermal  stress  due  to  the  difference  In  ihennal  expansion  coefficieots 

C.  Volume  change  due  to  tbc  formation  of  oxides  of  the  underlay  metals 

'Ric  next  step  for  assessing  the  suitabilty  of  these  composite  filins  for 
microelectronic  devices  needs  to  address  the  electrical  properties  of  gold  composite 
films  including  iheir  resisliviiy  change  and  Ihe  MTF  (Mcdian‘Tlme‘To*Failorc) 
under  d.c.  stressing. 


CKAPTER6 

CONCLUSKWS 


From  Die  pnseiu  study  on  (he  efTccls  or  Cu-.  Sn-.  V-  and  Ti  underlays  on  the 
slabilily  of  gold  filiRS,  the  following  conclusions  can  be  drawn. 

a.  Cu',  Sn-,  V-  and  Ti  underlays  sandwiched  between  gold  thin  nims  and 
substrate  form  oxides  (CuO,  Sn02.  VgOg  and  T1O2.  rcspectivciy)  on  the 
free  surface  of  gold  and  along  the  grain  boundaries  of  the  gold  films 
during  annealing  in  air. 

b.  Au/Cu  and  Au/Sn  composite  films  form  more  complete  and  thicker 
oxide  layers  fCuO  and  SnO^.  respectively)  on  lop  of  gold  films  during 
annealing  compared  to  Au/V  end  AufTi  composite  films. 

c.  As-deposited  Au/Sn  composite  films  foim  already  a thin  tin  oxide  layer 
on  (he  free  surface  of  gold  without  annealing,  that  is.  during  30  days 
storage  ai  room  lempcraiure.  The  thickncs.s  of  a tin  oxide  layer 
increases  during  annealing  between  300  ’’C  and  SOO  for  1 hour  in  air. 

2.  Grain  Growth. 


the  tendency  towards  growth  of  the  gold  gr 
be  caused  by  a capping  of  the  gold  surface 


boundaries  of  ihe  gold  films  by  ihe  oxide. 


b.  Ti  underUyt  which  have  a sirong  icndcncy  towards  oildailon  prevent 
grain  growth  of  gold  during  annealing  as  staled  above,  while  Cu 
underlays  which  have  a small  tendency  towards  oxidation  do  not 
prevent  grain  growth  of  gold  during  annealing. 

Holcs/Hil  locks, 

a.  In  Au/Cu  composite  films  some  holes  in  the  gold  films  are  observed 
which  form  during  annealing  for  1 hour  in  air  at  tcmpcrulurcs  between 
300  °C  and  SOO  °C.  The  holes  in  Au/Cu  composite  films  arc  partially 
filled  with  copper  oxide  (CuO). 

b The  density  of  holes  in  Au/Cu  composite  films  slays  nearly  constant 
with  annealing  time,  at  400  °C  in  air,  while  the  area  fraction  of  holes 
increases  with  annealing  time  in  a near  parabolic  manner. 

c.  Au/Sn  composite  films  form  neither  hillocks  nor  holes  during  annealing 

d.  Au/V  and  Au/Ti  composiic  films  form  hillocks  during  annealing 

in  air  which  mainly  consist  of  Au.  The  volume  increase  of  Au/V  and 
Au/Ti  composite  film  thus  obtained  is  believed  to  be  due  to  the 
formation  of  oxides  (VgOj  and  Ti02>  respectively). 

e.  Il  is  believed  that  the  formation  of  holes  in  Au/Cu  composite  films  and 
the  formation  of  hillocks  in  Au/V  and  Au/Ti  composite  films  arc 
caused  by  an  Interplay  between  stress  fenused  by  ihe  mismatch  of 
thermal  expansion  coefficients),  capillarity  forcea,  and  oxidation 
behavior  of  the  underlay  meials 


165 


4,  Surface  Smicture. 

a.  Au/So  composite  films  show  a rough  surface  structure  in  both  as> 
deposited  and  stinealed  composite  films.  The  surfsee  roughness  of 
Au/Sfl  composite  films  results  from  the  rou^  surface  structure  of  the 
Sn  underlays. 

5.  Preferred  Orientation. 

a.  The  gold  films  in  as-deposited  Au/Cu,  AuA^  and  Au/Ti  composite  nims 
have  a (ill)  preferred  orientation  parallel  to  the  substrate  surface. 

The  (lU)  piefcrred  orientaiion  of  gold  is  retained  after  annealing 
regardless  of  the  annealing  temperature.  In  contrast,  the  gold  films  io 
as-deposited  Au/Sn  composite  films  have  a random  orientation  with  a 
slightly  sironger  (200)  orientation  parallel  lo  the  substrate  surface. 

The  random  orientation  of  gold  is  retained  after  annealing  regardless 
of  annealing  temperature. 

The  above  listed  conclusions  demonstrate  how  metal  underlays  influence  the 
stability  of  gold  metallizalions  in  microelectronic  circuits.  They  may  cause  failures 
during  fabriention  and  during  operation  of  a device.  This  work  has  shown  that  the 
following  factors  may  be  critical  for  the  reliability  of  gold  metalinaiions  in 
microelectronic  devices. 

K Oaidaiion  tendency  of  metal  underlays:  In  general,  a strong  tendency 

towards  osidation  of  the  metal  underlay  prevents  grain  growth  of  gold 
This  is  probably  caused  by  grain  boundary  pinning  of 


during  annealing. 
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Thermal  slrea  dut  lo  llie  difference  in  ihermal  expansion  coefllcieiiH  : 
Tcoaile  alrc&s  in  gold  films  promotes  the  micicaiion  of  hole  formation, 
while  compressive  stress  caoses  hillocks  during  imnealing. 

Volume  change  due  to  the  formation  of  osidcs  of  the  underlay  metal: 
The  volume  increase  due  to  the  formation  of  the  imcmol  oxides  of  the 
underlay  metals  may  contribute  lo  the  growth  of  hillocks  in  gold 
composite  films  during  annealing. 

Surface  Energy:  Capillarity  (surface  tension)  may  be  a second  force  for 
growth  of  holes  in  gold  composite  films  during  annealing; 
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